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PREFACE. 



OF part of tliis book, privately litliograpbed for my pupils, 
a few copies given to scientific friends caused some to 
express a desire for its piiblieation. Hence, after revision, it ia 
offered to tlie public, witli the hope that it may prove useful 
and acceptable. 

Any one acquainted with only the elements of analytical 
geometry, and of tlie fluxional calculus, should find no difficulty 
in understanding all it contains. 

In this country, however, scientific education, as well as 
clusaical, has unfortunately retrograded ; and superficiality is the 
f.tshion of tha day. Hence, some ansious for scientific knowledge, 
with the least labour and in tiie sliortcst time, imagine it miglit 
be we!i in scientific literature to dispense with the calculus. 
To tliem no bett«r advice can be given than to begin by studying 
it thoroughly, if they would reasonably hope ever to comprehend 
much ■\vhich must otherwise be unintelligible. 

Ill this book, as iu ah his instruction to young men, it 
has been the eifort of the writer to keep steadily in view the 
sublime unity, simplicity, and perfection of those laws wliich 
are manifest in the obedient physical universe. Laws whieli 
could not exist without a Law-giver. To enable us tlius to see 
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vi PREFACE. 

more clearly tlic omnipotence and wisdom of God revealed in 
Lis works is certainly tlie tvue and highest oflice of human 
science. And gucli studies are also an intellectual preparation 
most Jit I'or tlie docile acceptance of that Cliristiun faitli, whicii, 
we are told, is the substance of things hoped for and the; 
evidence of things not seen. 

Sources of information have gencrully been indicated ; but 
it ia difficult to avoid their accidental omission, when intent 
chiefly upon demonstration. And in historical matters especially, 
it is almost impassible to bo perfectly accui'ate and just. Yet 
the writer is unconscious of Mlure in these respects. 

Lastly, ho gratefully acknowledges his indebtedness to the 
profound views of itis friend Prof. W. H. C. Bartlett, whose 
mathematical exposition of the unity of physical action lias 
been the point of departure of his own labours. 
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PART I. 



MECHANICAL THEORY OF HEAT. 



CHAPTEE I. 

HISTORICAL 



1. The mechanical theory of hca.t, sometimes called thermo- 
dynamicH, is that branch of science which treats of the phenomeiiit 
of heat as effects of motion and position. 

Thus defined, it is of recent development, and is not only 
interesting in itself, bat of great practical importance. For by it 
we are enabled to correctly understand the steam and other 
engines, to calculate their efficiency, and appreciate their imper- 
fections. 



2. The mere speculative idei, thit he'it ^nd light may 1 e 
motion, is found in the writin^^ ot ancient ii well as of mr lem 
authors. But imaginations are ol no value and of little meat 
so long as they remain barren of positive re«ult'< 

Real knowledge upon this subject dates only from the year 
A, D. 1690, when Huyghens, in his celebrated "Traitfi de la 
Lumii5re," published his truly elegant demonstrations of reflexion, 
refraction, and double refraction, regarded as phenomena of wave 
propagation. 
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14 MECHANICAI, THEORY OF HEAT. 

Unfortunately, not only the theory, but a.lso the well-observed 
facts of Huyghens were rejected by his great cotemporary. Sir 
isiiac Kewton; the influence of whose erroneous example seems 
to have fettered the minds of his followers for more than a 
century, and thus to have most sadly obstructed the progress of 
knowledge. Of all the eminent men who, during the eighteenth 
century, labored so successfully to extend Newton's astronomical 
diseoveries, Euler alone appears to have had the requisite indc- 
l>endence of thought to appreciate and adopt the investigations 
of Huyghens; but he was too busy with his mai-vellous labours 
in mathematics to do much to extend our knowledge of light 
and heat. 

During all that century, the false Newtonian hypothesis, that 
hght and heat are matter attracted or repelled by other matter, 
with forces analogous to gravitation or to chemical affinity, swayed 
the minds of seientiflc men. And Dr. Black's important dis- 
eoveries of latent heat and of the chemical decomposition of 
alkaline carbonates, the latter of which soon led to the great 
revolution in chemistry achieved by Lavoisier and his associates, 
contributed much to confirm that erroneous belief. 

"When, at the beginning of the present century, Young in 
England, and soon afterwards Fresnel in France, resumed the 
chain of discovery so happily begun by Huyghens, it was only 
against strenuous and sometimes oven bitter opposition that 
they could obtain consideration for their valuable researches. 
Every experimental fact was scrutinized with skeptical suspicion, 
trifling imperfections were exaggerated into fancied contradictions, 
and evidence the most conclusive was often rejected without fiiir 
examination. On the other hand, the cherished hypothesis, that 
heat and light are matter, was overloaded vrith postulates tlie most 
preposterous, for the purpose of still reconciling it with the progress 
of experimental discovery. 

The splendid memoirs of Fresnel, recently collected and pub- 
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HISTORICAL. 15 

lislied by the French govcninieiit, a3 a fit trihnte to his mcr.iwry 
and theii' own intrinsic vahie, were by the scientific men of his 
day, with few exceptions, among whom Arago and Ampere should 
ever be remembered, cast aside, despised, and allowed to go without 
attention or publication — some of them even to be lost for years, 
until hunted up among mislaid papers. 

Had Freenel been ambitious of power, position, or praise, such 
unjust treatment might well have disheartened or driven him from 
his glorious work ; bnt amiable, modest, and sincerely earnest, he 
loved tnitb for its own sake, and labored indefatigably in its 
investigation. Subsequent generations have reversed the decisions 
of liis contemporaries, and now the scientific world points with 
admiration to the name of Fresnel, as that of one than whom 
none worthier ever earned the wreath of immortality. 

This is, indeed, a dark picture for contemplation, one of 
human weakness, of the proneness of even the ablest of ciir 
race to persist in the bhnd folly of prejudice, but it is m instructive 
as it is sad. 

So intimately connected are light and radiant heat, so precisely 
simihir are the phenomena of both, in reflexion, refraction, polar- 
ization, and interference, that when, as in case of the sunbeam, 
they come together from the same source, and act in the same 
mannt-r, it seem'i scarcely sufficient fo call them analogous; and, 
irith Melloni, we ai'O compelled to pronounce them physically 
identical ; differing chieSy in the distinct physiological sensations 
they produce in us, and therefore varying not more, perhaps even 
less, than violet light does from red. The triumph of the Hny- 
ghenian theory of light was, consequently, the simultaneous 
establishment of the meehamral hypothesis of heat. 

Radiant heat can be best studied in close parallel comparison 
with the phenomena of optics. It is not, however, to those sub- 
jects, but to that of heat applied as power, or energy, to do work, 
as in the steam engine, that your attention is here invited. 
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16 JIECHAXICAL THEORY OF HEAT. 

.3. In the year I7!)8, Connt Rumfcrd published experiments 
on the large amouat of lieat produced by Iriction iu boring 
cannon. He observed particularly the fact tliat its source appeared 
"evidently to be inexliaastible," aud logically ai^ucd that "anj- 
tiiing which an insulated body, or syBtera of bodies, can continue 
to furnish without limitation, cannot possibly be a material sub- 
stance," and that it is "extremely difficult, if not impossible, to 
form a distinct idea of anything capable of being excited and 
communicated in the manner that heat was excited and com- 
municated in these experiments, except it be motion." 

Eumford also sought to determine the ratio of heat to the 
mechanical work requisite to its development by friction, or what 
is now called the mechanical equivalent of heat. He found that 
the work of one horse during two hours and a half is sufHcicnt 
to raise through 180° Pahr. 36.58 pounds of wat«r. From which 
it maybe calculated that one pound heated one degree is equivalent 
to 940 British units of wort. No allowance was made for loss of 
heat by radiation, and the result is, therefore, too high ; this was, 
however, indicated as an imperfection by Rumford himself, and it 
amounts to about 30 per cent. These admirable experiments 
constitute the first positive step in thermodynamics ; and for the 
time when they were made, as well as for the perfectly clear and 
logical thcoretieal views deduced from them, they are remarkable. 

Rumford omitted to prove, by actual experiment, that the 
capacity for heat of metallic chips and powder produced in boring 
cannon does not differ perceptibly from that of unbroken metal. 
It was therefore contended that such might he the fact; and to 
explain his results in accordance with the material hypothesis, 
latent heat was supposed to have been given out by the dis- 
integrated metal. 

Consequently, Sir Humphrey Davy, in 1799, performed the 
crucial experiment of melting lumps of ice by rubbing them 
together, when both their own temperature and that of the sur- 
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rounding bodies was below the freeziag point of water. It could 
not possibly be assumed that ice gives out latent heat in becoming 
water ; and if heat developed in fricticn be imagined to be matter, 
the conclusion is inevitable that in this experiment of Davy matter 
is created, which is simply incredible. Hence Davy concluded 
that "heat is motion, and the laws of its communication are the 
same as those of the communication of motion," Except by 
Young, these views of Davy and Eumford were long neglected in 
England, and generally considered to be rather speenlative. 

4. In the year 1807, Eourier commnnicated to the Institute of 
France the laws of the transmission of heat by radiation and con- 
duction, subsequently published in bis " Tb^orie Analytique de la 
Chaleur,"and laid the foundation for the mathematical theory of heat. 

Sadi Camot, son of the famous General Carnot, published in 
1824 a work entitled, "E^flexions sur la puissance motrice du feu," 
in which he compared the potential energy of heat to that of a 
dynamic head, or fall of water, from one level to another, and 
announced the veiy important law, now called the theorem of 
Carnot, that the greatest possible amount of work which can be 
performed by any heat engine is a function solely of the limits 
of temperature, or chute de chaleur, between which the engine 
works, and does not depend at all upon the nature of the substance 
heated. He showed that this substance is only passive, transmit- 
ting power as a rope does. When, therefore, the transmission 
takes place without waste of heat, the wort will be a maximum. 
An engine thus supposed to work without waste, between two 
limiting temperatures, would be theoretically perfect, but prac- 
tically such an engine is an impossibihty. 

Excellent as the dynamical views of Camot are, he was yet led 
by the material hypothesis into the serious error of supposing the 
quantity of heat received from the fire equal to that delivered to 
tiie refrigerator, if used without waste during the chute de chaleur; 
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18 MECHASICAL THEORY OF HEAT. 

whereas its amount requires to be dimiuislied by all the heat 
trauBforraed into mechaaical work by the engine. Tliia error per- 
vades all writings and discussions relative to the power of heat, or 
steam, in which the material hypothesis is employed ; for beat 
transformed into work would, according to that hypothesis, be an 
annihilation of matter, and therefore physically impossible. .Al- 
though Camot refrained from fully belie¥ing the material hypoth- 
esis and regarded it rather skeptically, he yet was misled by it, and 
consequently failed to determine .the form of the function whose 
existence and importance he had discovered. 

The profound views of Sadi Carnot, set forth somewhat 
obscurely in his book, were in 3831 put into the definite and 
clearer form of analytical expressions and geometrical diagrams 
by Clapcyron; who availed himself of the diagram of work or 
energy, drawn by the indicator of Watt, to show how a cycle of 
Camot should be geonietrically represented. 

5. The idea that heat and mechanical work, or energy, are 
mutually and definitely convertible, appears to have occupied the 
minds of several persons at nearly the same time. In Prance, 
Seguin in 1839; in Germany, Mayer in 1843; in Denmark, 
Colding in 1843; and in England, Joule from 1843 to 1849; 
— each was independently led, by similar tbongbt and reasoning, 
to determine and publish measurements of the equivalence of 
heat and mechanical work. Rumford also, as we have stated, 
had previously obtained for the same, in 1798, an approximate 
value, Eednced to the common standard of French, units of 
work, their respective results give, for one calorie, the following 
mechanical equivalent values in wort or energy: 

Rumford .... 515 kilogrammetres. 
Seguin . . - . 650 '■ 

Mayer .... 3fi5 " 

Joule .... 435 " 
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Of these observers, Jowle deserves to be regarded as the one to 
whom we are most iudehted. For his laborious and faithful 
esperiments, repeated in various ways, during a period of several 
years, and always witli the greatest skill and care, furnish the 
most reliable and complete data we yet possess for the detenniua- 
tion, not only of the mechanical equivalent of heat, but also of 
many other thermal efEects. It ia worthy of notice that the result 
of Eumford, when compared with that of Joule, appears to be 
a very close approximation, proper correction or, allowance beicg 
made for radiation, conductioD, etc. 

Equal merit with that of Joule has been claimed for Mayer j 
but while he published speculations and experimented imperfectly, 
tiiereby causing ideas intrinsically valuable to' be looked upon as 
visions. Joule labored to verify every probable conjecture by exact 
experiment Consequently, his results commanded more confidence 
and respect, especially when the confirmation of some of the more 
important by Eegnault had placed their accuracy beyond question. 
To Joule, therefore, or rather to his admirable investigations, must 
be justly awarded the superior merit of having caused the true 
theory of heat, so long disregarded and rejected, to meet finally 
with general reception, 

6. That reception, however, required, before it could be fully 
accorded and thermodynamics coiild take its appropriate rank as a 
recognized part of exact science, that another and a very different 
labour should also be thoroughly performed, to wit, the mathemat- 
ical application of the laws of energy to the e\act investigation of 
the well-known thermal phenomena. This was a task of no slight 
difficulty and magnitude, but it has been admirably performed by 
Sir W. Thomson and Eankine, in Glasgow, and by Clausius, in 
Zurich, each working independently of the others. 

7. Even if convenient, it would not be desirable to follow, 
in strict chronological order, the steps of their mathematical 
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disenesion of our subject. Published in transactions of learned 
societies, or in scientific journals, daring a period of several years 
before and after 1850, many of the results still remain scattered 
and in their original form. 

Eaukine has published several editions of his valuable treatise 
on the steam-engine ; but unfortunately, like other books of that 
able and eminent engineer, it is written in a style so brief that 
beginners find it obscure. It has, however, the merit of having 
been the first systematic treatise ever published on the steam- 
engine in which it was explained in accordance with the true 
theory of heat as power or energy. 

The valuable and beautiful popular lectures of Tyndall, and a 
small volume by Balfour Stewart, arc works of real merit, well 
calculated to eradicate false notions, to excite interest, and to 
diffuse correct elementary knowledge. And tho essays of Prot 
Tait, which originally appeared in the North British Review, but 
have since been pubhsbed in separate form, constitute an excellent 
historical sketch, but they neither profess, nor were intended, to 
meet the demands of the professional student. So also with 
reference to the more recent popular treatise by Prof, C. Maxwell, 
it does not supply what is needed by him. 

Consequently, we propose here to give information which will 
not be found in EngUsh treatises ; but will not attempt more than 
an elementary outline, excluding all that is hypothetical, and even 
mnch which though positive is but imperfectly developed, and 
referring for more extended knowledge to original memoirs and to 
compilations in other languages. 

8. As descriptions of both the experiments and the apparatus 
employed by Joule for the determination of the mechanical equiv- 
alent of heat are given in most of the recent treatises on physics, 
we will simply refer to them for such details ; but with the remark, 
that of his latest and most perfect data, those of 1849, the mean 
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reanlt i35, obtained by tbe agitation of ■water and mereary, is the 
most probable yalue. 

We consequently adopt the number 435 kilogrammetres, and 
call it, as is now usually done, Joule's mechanical eqaiTalent of 
heat. To obtain this number from the measures used by Jonle, 
British feet and pounds must be reduced to French metres and 
kilogrammes, and temperatures Fahrenheit to those of the Centi- 
grade scale. 

Denoting Joule's equivalent by the letter E, and by Q tlie 
quantity of heat measured in thermal units, called calories, then 

EQ^^ fPdp 

is the analytical espreseion for the first law of thermodynamics, or 
the laiv of Joule, as it is often called in honor of him to whom we 
chiefly owe its experimental investigation. 

9. To complete the work of Joule, one step remained un- 
finished. He had determined the heat produced by a given 
amount of mechanical work ; the solution of the inverse problem, 
that of measuring the work done by heat, was still wanting. It 
was accomplished by G. A. Hirn, an eminent engineer of Colmar, 
in Alsace. It is quite impossible to give a brief and adequate 
account of his admirable investigations; they must be read in 
their original form and htnguage. 

The steam-engines of 100 horse power in the large manufac- 
turing establishment of Haussman, Jordan, Hirn & Co. were the 
apparatus used in the experiments. The water and fuel supplied 
to the boilers; the temperature and elastic force of the steam 
generated and conveyed to the cylinders ; the expansion of the 
steam and its pressure upon the piston, represented by diagrams 
traced with the indicator of Watt, or automatically by the engine 
itself; the temperatures of the condensed steam and of tbe water 
of refrigeration; the loss by radiation and conduction: these, and 
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all other observable data had to be measured accurate! j ; and the 
difficulty of such measurements can readily be imagined. The 
final result was, in each case, the numerical determination of the 
amflcmt of worii done and of the two quantities of heat required 
by the law of Carnot, §, that received by the steam from the 
fire, and Q, that given off in part to the condenser and in part 
lost by radiation and, conduction. Their difference is the amount 
of heat corresponding to the work performed and gives 



E{Q,-Q)=^f'pip. 



Evidently, this expression should give for E the same numerical 
value 425 as that found by Joule ; — the actual value obtained by 
Him was 415 ; difibring, therefore, by two per cent But when we 
consider the extreme difficulty of measuiing such quantities as the 
heat lost from a large engine, this result appears, not m a 
discrepancy, but as a complete confirmation. Closer approxima- 
tion could not be expected or desired. 

Prior to the reception of the mechanical theory of heat, it was 
generally held that the quantities Q^ and Qi are equal ; for heat, if 
mateiial, should be indestructible. Such a supposition reduces the 
first member of the last equation to zero ; and the material hypoth- 
esis consequently involves the absurdity of wnrls done without 
expenditure of energy. Nothing could show more , conclusively 
how that hypothesis must have obstructed true knowledge than 
tliis result that, according to it, the steam-engine becomes a reali- 
zation of perpetual motion. Happily, the experiments of Ruraford, 
Davy, Joule, and Him, have put an end forever to ideas which 
lead to such an absurdity. 

It may render this notice of Him's experiments more satisfac- 
tory, if we briefly consider the cycle of operations which take place 
in a condensing engine, when they have become regular, or 
periodically constant, and indicate how they give the quantities 
Q~. and Q,. 
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A quantity of water ic is taken from the condenser and forced 
by the supply pump into the boiler ; where, ut the higher tempera- 
ture t,, it is converted into steam, and Uicn passes into the 
working cylinder. To accomplish this change from liquid water 
into steam, a certain quantity uf heat 

mLitot be leceiyed fiora the fire. The coefficient L is called the 
latent heat of evaporation ; it expresses the heat requisite ia 
tonvert a unit of water into steam of the given temperature and 
clastic force and it has been very exactly determined by Eegnaulfc. 
In the cvlindcr the steam expands, pushes the piston, is partly 
condensed, and then is forced by the engine back again into the 
condenser. There it is entirely converted into water of the original 
temperature, /„ giving off in its condensation an amount of heat 
■^uffif lent to raise the water of refrigeration w' from a temperature 
i^ to i, It we denote this quantity by 

10' {i, — U), 

and the heat lost by radiation by h, then will 

$1 = w' ((, — Q + h. 

The work done during the cycle of operations by the engine 
was carefully determined by the indicator of Watt and the methods 
usually employed for calculating the work of machines. We have, 
therefore, 

«(«.-«.) = s_/"p#, 

in which the only unknown quantity E is determined by the values 
experimentally found for the others. 

To every intelligent mind there must be pleasure in beholding 
truths of nature thus beautifully investigated, and the steam- 
engine, that great invention of the last century, thus finally made 
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by this eminent French engineer to bear true testimony to tlie 
law, that work done is always power expended. 

We .shall see that the error of assuming the heat received anil 
given off, $s and Qi, to bo eqnal was not the only serious one 
relative to the steam-engine corrected by the dynamical theory and 
the researches of Hirn. Well, thei-efore, has he earned the right 
to be honored as one of the few who have done most to promote 
true knowledge upon this important subject. 

10. We cannot lietter conclude this brief and very incomplete 
historical sketch, tlian by showing how very imperfectly the steam- 
engine was understood only a few years ago. 

In the celebrated treatise of De Pambour, entitled, " Theorio 
de la Machine d Vapeur," published in 1844, then far superior to 
other works, and still in many respects one of tlie very best stand- 
ards on the subject, we And repeated and endorsed (see p. Si, op. cit.) 
the erroneous idea of Watt, that the sum of the free and latent 
heat of saturated steam under any pressure is a constant quantity. 
This error was first corrected by Eegnault, iu 1847, though others 
had previously doubted it without ascertaining the truth; in his 
very laborious and exact investigations made for the Trench 
government, and published in the memoirs of the Institute, 
Vol. XXI, 1847, he obtained for the total heat of evaporation the 
formula since generally adopted and used, 

e = 606.5 -f- 0.305^. 

Ace rdmg to this formula (we translate from the original, 
page "^^7) the total heat c ntamed in a kilogramme of saturated 
isteam at the temperature t is equal to the quantity of heat which 
a kilngramm of satLirited Mpour at 0° gives off in becoming 
water ■it increased by the product 0.305^. The fraction 0.305 
IS the quantity of heat whi&h must be furnished to a kilogramme 
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of saturated vapor to elevate its temperature 1°, when at the same 
time so compressed as to maintaia ita state of saturation." 

Such was the extent of knowledge which caused Regaault, 
at the close of his lahours, to criticise the steam-engine and 
pronounce it grossly imperfect. 

Let us follow his calculations, hy applying them to the example 
of Hirn's engines, and then compare tjie result with their actual 
work. 

Suppose the boiler of an engine to generate steam of the 
temperatiire 140° and the condenser to he at 34°; then, by 
Eegnault's formula, the total heat of evaporation is in calories 

Q, = GQG.0 + 0.305 x 146 = C51. 

And this steam condensed at 34° would give ofE 

Q, = 606.5 + 0.305 x 34 = 617. 

The difference, Q, less Q„ or 34 calories, would be all the heat 
which can be converted into work out of 651 calories received 
from the boiler. Hence the maximum coefficient of such an 
engine should be only the ratio of 34 to 651, or one-ninetcentli 
nearly. 

Now the actual working results obtained by Hirn from four 
of his engines were : 

No. 1. Single cyhnder, between 149° and 31°, efficiency, ^. 

" 2. *' " " 149 " 25, " Jg-. 

" 3. Woolf. '■' 143 " 41, " -V. 

" 4. " " 143 " 39, " f 

The mean of which results is the efficiency of ^ for the limits of 
temperature 146° and 34°. 

We see that even the least advantageous of these experimental 
trials gave an efficiency nearly twice as great as was then held 
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to be possible, according to the theoretical Mews of e^ery emincut 
engineer of that da^ Ttiu (heiefoie, m full contndn.tion ot 
their accepted ideas the steam un^ne proved itself to be twite 
as powerful oi perfect as ■» 8 generally supposed to b" pisaible 

Here indeed, wab a wide discrepancy befween theorj ind actual 
fact, not easily to be explained away It could not be aocnbtd to 
error of experiment foi Eegnaults mi sti^ations communic itei.1 
to the Institute copied into scientihc journals „nd scrutinized in 
their most minute details, weie mcdols of sk 11 and marrellouslj 
exact; neither cuuld the lesiilts of Hiin he dcubt^d 

This conflict v/as soon happily removed by an impoi'tant 
discovery, made partly by Eaukine and partly by Him. It had 
long been known that water accumulates in and obstructs tJie 
cylinders of engines, and this water was erroneously believed to be 
accidentally carried by the steam from the boiler; Eaukine gave 
the true explanation, in 1849, by ascribing the presence of water 
in the cylinder to the condensation of steam working and losing 
heat during expansion. 

Steam had previously been supposed to enter into and pass 
luit from the cylinder entirely in the state of saturation; but for 
this assumption there was no proof whatever. If such be not the 
ease, then it must pass out either partially condensed or suj>er- 
licated. To suppose it to be superheated is only to increase the 
discrepancy, by diminishing the difference of heat and correspond- 
ing work. The only remaining hypothesis is therefore the true 
one ; it is in fact partially condensed, and passes from the cylinder 
as a mixture of steam and liquid water, having transformed a large 
paii of its latent heat into mechanical work. 

But, though Eankine thus gave the true explanation of this 
exceedingly important fact, its actual experimental demonstration 
was first made by Him some years afterwards. Having, for this 
purpose, attached to one of his engines, working with an elastic 
force of five atmospheres, a metallic pipe into which glass plates 
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were tightly fitted, he could see the transparent steam of 153° 
become clouded with liquid yesiciea whenever expansion was made 
to take place. 

Hence it follows that the latent heat of steam condensed into 
water in the cylinder of an engine does a large pavt of the work. 
And according to the dynamical theory, this latent heat as energy 
is simply transformed into mechanical wovk ; while hy the material 
hypothesis it must he absurdly supposed to be matter annihilated. 

The apparent discrepancy between the equally exact and 
admirable experiments of Hirn and Regnault vanishes; for a new 
discovery easts light upon the subject; and a more correct theory 
teaches, that to understand the steam-engine we must regard its 
work only as the transformation of potential energy, or, in other 
words, as expenditure of that power which is so bountifully pro- 
vided for use in extensive forests, and in the vast masses of 
underlying coal, the remains of forests which grew in wild 
Inxarianee and were stored up during ages, long before this Earth 
was ready for habitation by man. 
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CHAPTER II. 

DYNAMICS, 
FUBDAMEHTAL LAWS. 

11, It ia necessary to the comprehension of our subject tbat 
the fundameDtal laws of mechanics be well understooil, both in 
their relative connexions with each other and in theii' thennal 
applications. We shall, therefore, briefly present those which we 
iviU most often need to employ, and will thus not only give a 
summary of the most important for your convenient reference, 
but also be enabled to define accurately some terms which are 
of frequent use in thermodynamics. 

12. The general equation of energy given by Prof. Bartlett, 
which embraces both the law of Newton, that action and reaction 
are always equal and opposite, and the principle of Daiembert, 
that lost forces are in equihbrium, — and which may be adopted 
as the fundamental law of analytical mechanics, is written thus: 

^Pdp--Sm^ds = Q. (A) 

This most important expression includes all thermodynamic aetiou; 
we shall, therefore, first demonstrate and afterwards deduce froni it 
many of its principal consequents, thermal and mechanical. Its 
first term denotes the elementary work done, or power expended 
by all the forces, positive and negative, which act upon a system 
of bodies ; and its second term expresses the equiralent vis viva or 
kinetic energy which those forces can produce. Evidently, the 
equation simply expresses the equivalence of dynamical effects. 
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13. Ill analytical geometry, we have for the square of the 
elementai'y diBtance between any two consecutive positions, 

{dsf^{dx)^->r(dyf+{dzy, (1) 

but in motion velocity must be considered, and time becomes tlia 
independent variable. Tbe successive positions indicated by the 
current co-ordinates, x, y, z, being functions of time, analytical 
mccbanica is, therefore, a geometry of four dimensions, in which 
every motion may be expressed by the general equation 

s =/(0 = a + ht + ci^ + etc. (2) 

As the velocity at any instant is measured by the apace which 
would be passed over in tlie next succeeding unit of time if that 
velocity were to remain constant, we have always 



dt : I :: ds : 



~ dt 



(3) 



The change of velocity wliich a force, if it remain constiint, 
causes in the unit of time is called the acceleration duo to that 
force ; and denoting it by i/i, we have 

dt : \ w dv : ^^ 

dv ^s ... 

It is evident that these equations are true for ail possible motions. 
Integrated under the supposition that tp is conetaut, or the 
motion uniformly varied, equation (4) gives 

s = s, + nf + i<!>iK (5) 

The arbitrary constants So and Vo denote the initial space and 
velocity, when t is zero. 
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If thG Telocity v be constant, then 

s = So + -vi (6) 

is the law of uniform motion. 

14. Forces are proportional to their effects, and, therefore, ni-e 
meaanred by the accelerations they produce in the velocity of the 
same body. Hence, if we denote by w tiie weight of a body, by m 
its mass, and by (/ the acceleration due to the earth's force of 
gravity, we shall have 

P : w :: ip : g, 
consequently, 

P = j<p = m^. (7) 

If we combine this result with eijuation (4), we have 



dt ~ d^ 



(S) 



The efEect exerted by a force is the s^tieal pressure or strain 
at that instant, and may vary or not with lapse of time ; but 
always its instantaneous value ia given by the equation just found. 
For it is not necessary that the force shall actually produce the 
change of velocity, or even continue to act, but only that the effect 
would be that indicated if the action upon the body free to move 
should continue unchanged during the succeeding unit of time. 
It is highly important that this explanation of what is the 
instantaneous value of a constantly varying quantity bo clearly 
and fully comprehended. 

15. Forces are sometimes exerted during intervals of time, 
producing changes of velocity in bodies free to move, the aeeimiu- 
lated efEeefc is then the time-integral 

fpit = mff^dt = mv, (9) 
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no constant o^' integration bomg n(lili,d if v ia nothing when / 
is aero iliis time-integral is nsjiiallj cilled the momentum, the 
quantity of motion, the impulsion, oi iib mortua. 

Generally, forc=s act upon bodies rcbi'-ting motion, or reacting 
by inertia, cohesion, attidction, or rtpukiou; and the effects pro- 
duced tVL measured by lesisttd changes cf position. Tlio forces 
operate m spac and art, said tu pertoini work, which is determined 
by the space mtcgial 

/p& = ,»/|'& = „.|. (10) 

The first member of this equation is by different authors variously 
called: power applied, work done, potential energy, sum of tlie 
virtual moments, quantity of action, etc. The second member 
ia generally called the half of the vis viva, or living force, the 
accumulated work, or the kinetic energy, 

DifEerentiating equations (9) and (10), the force P has the 
values 

_ dv do 

P = m-rr ^mv- ,- ; 

at as 

which are evidently identical, for 

ds 

And thus simply is it proved that the memorable controversy 
during the last century about forces, whether they are to be 
measured by vis mortua, 

mv, 
or by vis viva, 

rmfi, 

was merely a war of words; for in fact a force P is not measured 
by either, being only a factor of which they are both products. 
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16. When the elementary path ds makes an angle $ with 
the direction of the force P, as is always tlie case if there be 
deflecting forces or surfaces, then P cos is the effective com- 
ponent and dp is the projection of ds on the line of the force. 
Multiplying, therefore, both sides of equation (8) by ds, sub- 
stituting for P its effective component, and reducing by the 
vahie of dp, we get the fiindamental law, 

Pdp-«,f^ds = 0. (11) 

It is CTident that we may regard Pdp cither as the action of 
P cos tlirough the length ds, or as tliat of P through dp, 
the projection of ds on the line of the force, and which is called 
tlie virtaal velocity. 

In equation (11) the term Pdp denotes the elementary work 
done, or the power to do it; for if we define work to he resistance 
overcome by a force P through a length p, and indicate it by 
tlio symbol II, then 

n = fPdp. (12) 

We may generalize formula (11) by supposing any finite num- 
ber of masses, m, w', m", m'", etc., to be acted upon by the forces 
P, P', P", P"', etc^and that these forces are themselves resultants 
of any components, positive or negative. And we will thus obtain 
the fundamental law, 

S,Pdp — -S,m^ds = 0. (A) 

If in tliis expression we suppose ds zero, then there is no motion, 
and our equation becomes the law of balanced forces, or of 
equilibrium, 

S Pdp = 0, (13) 

by which ail statical actions may be calculated. 
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17. Let US assume, aa a truth established by induction, that a 
force may always be resolved into rectangular componeuts, repre- 
sented either by its projections on the co-ordiuatc axes, or by 
sides of a parallelopipedon of which the diagonal represents the 
force itself, then for P, making the angles «, (i, y, with the axes 
of co-ordinates, the components are 

X=Peos«; r=Pco3i3; ^=Pcosr. (14) 

And the relation of these components to P, their resultant, is 

/^ = ^ + I^ + ^. (15) 

This mode of considering the theorem, usually called the parallel- 
ogram of forces, to bo an inductive truth ajijiearB to be the 
most satisfactory. For it is not easy to prove a parallelogram 
of statical pressures to be a direct logical conseiuenco of oao 
of motions, which in sacli cases reduce to zero. 

18. If eijuation (1) be divided by dP, it becomes 

(i)=(t)^(ir+(i)> <-) 

wliich equation (3) shows to be the same as 

^ = v.' + v,' + ,,'. ■ (17) 

This result may be geometrically represented by a parallelopipedon 

of velocities, whose edges, v„ v„ v„ are also the projections of 

V on the three co-ordinate axes. 

As the value of v in this equation is arbitrary, we may replace 

it by dv ; then dividing by dt^, and reducing by equation (4), 

we have 

^s == <!,^^ + 0,2 -f <(,?. (18) 

In this expression 0^, 0^, 0;, denote the three component accelera- 
tions in the directions of the axes ; and we may geometrically 
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coQstnict the equation, either by a paraUelopJpedon of accelerations, 

or by projoetiug (p on the co-orilinate axes. 

If now we multiply by the mass m, differentiate equation (16) 

us a function of the time, and generalize the result by sammation, 

we obtain 

S m -rr.ds = Sm , , ,, ■^^ -r ,,. .. 
di^ \dl^ dP 



,^&. (10) 



This formula enables ns to resolve into components the second 
term of our fundamental equation of energy. 

19. Let «, ft y he the angles made by the co-ordinate axes 
with the line of the force P, and A, fi, v be those made with the 
direction ds\ then denoting by dx, dy, dz the projections of ds, 
multiply both sides of the equation 

C03 = cos o cos A + cos |3 cos II + cos y cos v 
by ds, and reducing hy the yaluos of X, Y, Z, given in e<[iia- 
tions 14, we have, hy summation, 

^Pdp = S {Xdx + Ydy + Zdz) ; (30) 

a formula for resolving into components the first term of the 
fundamental equation (A), and which shows that the elementary 
work of the forces P is always equal to the sum of the elementary 
work of their components. 

20. If we compare equations (11, 19, 20) and equate tlie 
coefficients of like quantities, we see that 



H^—m-"' 



s r- .»",{'= 0, 



.(z-„--j = o 
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equations which formulas (8, 12) show to be those for the resolution 
into components of motions of translation, as well as for the statical 
pressures, of any dyDamical system of bodies. 

Ijet us transform these equations by multiplying the first 
by y and the second by x ; then the first by z and the third 
by X ; and lastly the second by z and the third by y. Now 
combining these products, we have 

.(X,-r.)-x»(*j-|f.)=o, 

These are the equations for the component moments of rotation 
around the co-ordinate axes. 

If of these components that around the axis of x he denoted 
by w,, and those around the axes of y and z by w^ and id^, 
then it is readily shown that for the resultant moment of rotation 
v> there exists the relation 



which is ttstially called ihe theorem of Uie parallelopipedon of 
rotations or moments. 

21. To integrate equation (20) it is necessary that the co- 
efficients X, Y, Z, be functions of the co-ordinates x, y, %, 
and that the variables be capable of separation. If these con- 
ditions he fulfilled, then 

2/P<Jfi=/(a:,!/, z) + C (23) 

Taking this integral between the positions, or configurations, (1) 
and (3), it gives 



d by Google 



36 MECHANICAL THEORY OF HEAT. 

^£pdp =f, (^, y, £) _/, iz, y, z). (24) 

If now the system should pass hy a cycle, from the position (1) 
back again to the same state, then 

2 f^dl, =/, {X, y, z) -f, {X, y, z) = 0. (25) 

That 13 to say, in such a change of the system, the work done, 
or the energy lost or gained, will be zero. 

THEOBT OF MACHINES. 

23. Transposing and integrating the second term of the funda- 
mental equation, it becomes 

^/Pdp = lm^+C, (26) 

an equation iisaally called the theorem of vis viva, and which 
is of the greatest practical importance in calculating the work 
done by machines of all kinds. 

Taking the integral between the limits or positions (1) and 
(2), we have 

j:£pdi, = ij(v/-vf). (27) 

Hence, the amount of work done, or of power expended, during 
the change of stiite or position from (1) to (2) is equivalent 
to the corresponding variation which takes place in the vis viva 
or kinetic energy. 

As work is never measured by the whole, but always by the 
half of the product mi^, we shall follow the example of Coriohs 
in giving to the term vis viva the more convenient definition 
of the half instead of the whole of that product. 
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When a machine etarts from repose to do work, the velocity 
increases uutil the elementary resistance R balances the power 
applied ; the velocity then becomes a maximum, and 

2 {Pdp ~ Bdr) = Sm d^ = 0. 

The machine now works to the greatest advantage, for power 
is simply converted into work, and the velocity is either uniformly 
or periodically constant. 

If at any time we suppress the applied or motive power, then 

iI,mv''=C'~S,/Rdr; 

and as the second member of this equation is composed of a 
constant diminished continually by an increasicg quantity, it 
mast finally be exhausted. The velocity then becomes zero, 
or the machine stops. 



COSSERTATIOir OF TI8 VIVA. 

23. It in equation (26) the forces be assumed to he only 
the internal matual attractions and repnlsions of the masses 
composing the system, then these forces, taken in pairs, being 
all equal and opposite, 

S/Pdp = 2m^+C=0, (28) 

or the sum of the vis viva is constant, and the system is, therefore, 
either at rest or in uniform motion. 

Thia theorem is generally known as Hnyghens' principle of 
the conservation of vis viva. It is evidently only of limited 
applicability and dependent upon the restricted conditions that 
thers are no external disturbing forces, and that the action of 
the intfimal forces is one of mutual compensation. 
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COHSEEVATION OF ENEROT. 

24. The first members of eqaations (34) and (37) being identi- 
oa], their second members are equal, or 

ilm(v,'-v,'}=f,{^,,j,,}-/,{^,s.z}. 

If now in this equation we put 

n{x,,,.) = c-f(t,,j,^), (29) 

the constant c being arbitrary, it becomes 

i 1 mv? + n, {x, y,z)=\l mv.? + Ti, {x, y, z), 

an equation which may be written thus, 

^ S OTu3 + n (z, y, z)=c. (30) 

This important transformation of equation (36) shows that there is 
a function 11, which if added to the vis viva, or kinetic energy, will 
give for their sum a constant value in any position of the system of 
bodies. This function, called by Lagrange the function II (Mec, 
Anal., section III, § 35, et seq.), and by Green the potential 
function, Gauss has named the poteniial. It denotes the action 
dependent upon the position or configuration a-, i/, z, and- is called 
by Kankiue and others the potential energy of the system, a term 
which is likely to be universally adopted. 

The theorem expressed by equation (30) may now be thus 
enunciated : in a dynamical system of invariable bodies, if there 
be no external action, and the interaal forces depend only on 
the relativG positions, or configurations, of the masses, the total 
energy is constant and equal to the sum of the potential and 
kinetic energy. Such a system is said to be dynamically con- 
servative, and the theorem is called the principle of the eonaerva- 
tion of energy. 
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It is practically impossible thus to disconnect a system from 
the disturbing action of external bodies; the theorem, tliLTefore, 
only shows ivhat would happen under euch circumstances, imagi- 
nary and really impossible. In fact, it is never i-ealized, and 
there is always dissipation of energy. But the smaller the external 
forces, the less will bo their disturbing infiuenee in a given time, 
and the nearer will the system approach, for short durations, 
to a theoretically conservative condition. 



POTrNTIAL AND KINETIC ENEEOT. 

25. We will now endeavour to make clear the meaning of 
the potential function 

n (x, y, z), 

also to define more precisely the terms potential, kinetic, and 
total energy, and to show what is the signification of the principle 
of the coDservation of energy. 

There is power in the recoiling spring of a watch to drive 
its wheels ; in the descending weight of a clock to give it motion ; 
in elevated water to work mills ; in burning fuel to drive stcam- 
engineS ; in guupowdcr to project balls; in animals nourished 
by vegetable food to perform labor ; in zinc acted upon by acids 
to propel electro-magnetic engines. These are familiar instances 
of potential energy, of what Caraot named force vive Jatente, of 
power stored and ready, if brought into action, to be consumed 
or expended in doing work. 

Potential energy is, therefore, but a name for the availability 
of forces of nature to communicate kinetic energy or perform 
other work. And its principal sources are: 1°, solar action ; 
3°, fuel or food ; 3°, chemical union of reduced substances ; 
4°, animal effort, based upon vegetable nutrition; 5°, electricity; 
G% gravitation ; 7°, elasticity. 
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To avoid confusion of tlioiighfc and amtiguity of languago, 
we should not use the eamo word to express indiscriminately 
an effect and its cause, work done and the power to do it. It 
IB well, therefore, to adopt the woi^d energy, first proposed by 
Bemouilli and afterwards used by Young, to express power to 
do work, or force stored and ready for use. 

When a bullet shot from a gun reaches and shatters an object, 
overcoming its resistance and therefore doing work, it possesses 
vis viva, or kinetic energy, power previously transferred to it 
by gunpowder. The swiftly-descending weight of the pile-driver 
has energy stored np in it during its fall by gravitation ; an 
axe cleaving wood, a fly-wheel overcoming sudden and great 
resistances, as in the work of crushing a mass of iron, the wind 
propeUing ships or mills — these are all examples of energy storeil 
in a moving body by natural forces — of power depending upon 
motion and therefore called kinetic energy, instead of vis viva, 
or liviug force, which are words without meaning. 



TBANSFOEMATION OF ENERGT. 

26. The various forms of energy may be converted or trans- 
formed into each other. Thus, solar radiation evaporates from 
the sea and disperses in the atmosphere vapour of water, which 
descending in streams supplies power of gravitation to work mills. 
Solar action also stores up in growing plants potential energy 
of fuel and food. This fuel enables us to reduce metals from 
their ores ; and metals consumed in voltaic eirenits furnish electro- 
dynamic power for telegraphs, etc. 

But though the different forms of power or energy appeal- 
thus convertible into each other, so ignorant are we of the nature 
of their modes of action, calling these as we do by undefinable 
names, such as electricity, chemical affinity, vitality, etc., that 
in the present state of science we cannot obtain the laws of 
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convertibHity for many of the forms of enei^. Evidently, it 
is only -when they may be reduced to a common meaaare, such 
as their equivaleut kinetic energy or worli, that they become 
capable of being expressed and discufised in mathematical equations. 

27. The science of energetics, as some have proposed to name 
it, or theory of enci^y, as others prefer to call it, has not yet 
reached the stage of full and satisfactory development. And 
it necessarily follows, that speculations under titles such as cor- 
relation of forces, etc., may often be only hypotheses, useful, 
if at all, only to suggest inquiry. 

LIGHT ASD HEAT ARE ENERGY. 

28. Fortunately, mathematical demonstration ha^ed upon tlie 
only solid foundation, that of many phenomena accurately ohsicrvcd 
and compared, has proved light and heat to bo Itinetic energy 
or vis viva; and we may now regard celestial and terrestrial 
mechanics, physical optics and thermodynamics each as a well- 
established part of that exact knowledge of force and motion 
which lias attained to a positive progress far exceeding in depth, 
extent, and certainty, that of any other branch of physical science. 



THE POTENTIAL FUNCTIOIT. . 

29. We may now interpret equation (30), and determine the 
potential function. To obtain that equation, the system must 
be assumed to be dynamically conservative, that is to say, Im 
in integration is constant, or the masses are not subject to change ; 
the forces also do not become feeble or strong with time, but 
vary only with the relative positions x, y, z, of the masses. Equa- 
tion (30) is therefore limited, and applicable only to such conser\-a- 
tive systems. 
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To render onr coneeptioiis definite aad clear, let us consider 
an example. Suppose a simple peudulam, attracted by the earth, 
to move ia a vacuum without resistance, and that it oscillates 
to and Iro in a vertical circular arc ADB. If now it be at 
its highest point of disturbance A, it will have a certain amount 
of power or potential energy of gravitation due to the state 
of the dynamical system for the position or configuration A. 
Falling from A to D, the lowest point of the circular arc of 
vibration, (he potential energy becomes gradually less and at 
J) ia a minimum ; its loss having been transformed into kinetic 
energy, which at 2> is a maximum. From D t-j IJ the jjendukim 
ascends, losing kinetic bub recovering potential energy. Then 
as it returns from E to A the phenomena recur in precisely 
reverse order. At the limits A and B the potential is a maximum, 
and the kinetic energy is zero, a minimum ; but at D, the lowest 
point, or position of stable equilibrium, the kinetic energy is 
a maximum, and the potential is a minimum. 

At all points of the path AB the sum of the potential and 
kinetic energy is, by equation (30), a constant quantity c, de- 
termined by the fact that at the points A and B the kinetic 
energy is zero and the constant c equal to the tobil initial energy, 
or to the maximum value of the potential 11, due to the position A, 
Calling this position or configuration of the system (1) and 
that for D (3), and denoting by the letters II and V the two 
terms of the first member of equation (30), we have 

n + v= n, + F, = n, + F. — c. 

But for the configuration A or (1), the value of F, is zero, and 
rf] is consequently a maximum; hence 

and ' ~~ ' 

n, — n-V-v,; 
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whicli shows tliat variations of potential are equal but opposite to 
those of kinetic energj', gain in one being loss in the other. 

If the pendulum be vibrated in a resisting medium, then 
Snt is no longer constant, tlje system ceases to be conservative, 
and initial energy will be gradually lost in motion given to 
particles of the medium. Yet though energy be dissipated, it 
is never annihilated, but only communicated to external bodies, 

30. Combining equations (23) and (39) and replacing their 
arbitrary constants of integration by a single constant, we find 

n{T,j/,z) + lfPdp = c; (31) 

which shows that, in any limited conservative system, tlie sum 
ot the potential and of the work already performed is constant 
for all configurations of the masses, and equal to the initial or 
total energy, for which the function II, or potential, is a masimum 
and the work done zero. 

If a disturbed system seeks to return by the action of its 
internal forces to a state of repose or equilibrium, then at that 
final position the ■work done will be a maximum, and tlie potential 
a minimum. Hence the change in the potential may be measiirei' 
by the work required to be done in i)assing from a disturbed state 
to one of equilibrium. 

Taking the definite integral of equation (31) between the 
configurations (1) and (2), we get 



n, — Hj z= s ^ Pdp, 



(32) 

which shows that Ihe work done in passing from one state or 
eonfiguration to another is equal to the variation of the potential 
for those slates, and independent of the paik followed in ihe change. 
It is, consequently, evident that this theorem of potential 
energy involves the impossibility of perpetual motion. For if 
in a conservative dynamical system it were possible to pass by 
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0113 path or set of points from tho state (1) to another (r3) n-itli 
bss work or resistance than by another path or set of poiutK, 
tlien by always going by one of theae paths, and returning by tho 
other, the forces would be able to- produce a continual increase 
of energy ■without corresponding loss or work. 

The independence of the potential of intermodiate positions 
or paths followed, in the passage from one configuratiou to 
another, is one of its most valuable and important properties, 
cne which renders it of the greatest utility in investigations of 
heat, of gravitation, of electrical and magnetic attractions or 
repulsions, and of other analogous phenomena. 



DISSIPATION OF ENERGY. 

31. We have indicated the practically impossible conditions 
■ to render a system of bodies dynamically conservative 
(see sections 33, 34, 39). Power expended in work is generally 
dissipated, and recoverable only in particular cases, as when 
muscular effort is converted into the potential of elasticity by 
bending a spring, or of gravitation by lifting a weight. Sawing 
wood, plongbing ground, grinding com, hammering iron, are 
examples of energy consumed or dissipated. Descending rivers 
convert the energy of their falling waters into heat by friction. 
A steamer quitting port for a voyage carries in her coal a definite 
auionnfc of potential energy. As ifc hums away, tJie work done 
will be always equal to the energy of the coal consumed either 
usefully or wastefully. The sea cannot restore the work expended 
upon its resisting waves, nor can the winds give back the heated 
gases of the burnt coal. In the economy of nature, their carbon 
and hydrogen may, by solar energy, be made part of some future 
plant, and again become fuel or coal But to that steamer their 
origbal energy, once expended, is dissipated or lost forever. 
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CHAPTER III. 

DYNAMICS. 

PERPETUAL MOTIOS IMPOSSIBLE. 

33. We have obtained the fundamental lavs of dynamics, and 
now propose to deduce some of their more important consequences, 
such 03 the impossibility of perpetual motion. 



Eosuming the discii3ion of the fundamental equation of 

i S m (,f - ,,') = /, (X, ,j,z)-f. (I, ,j.i), (33) 

obtained by integration between the limits (1) and (3), it appears 
that, if a eonservativo system pass by any path or cycle from 
the state (1) back to tlic same primitive state or configuration, 
the two terms in the second member of this equation become 
identical and its value is zero. It is, therefore, impossible that 
any permanent change of kinetic energy, or velocity, can liave 
taken place in the system. 

But we have already proved, equation (35), that under pre- 
cisely the same conditions and cirenmstances the work done 
during the cycle must be zero. It is, therefore, impossible tliat 
a limited system of masses, such aa any machine set in motion 
and then abandoned to itself and to gravity, or to other analogous 
forces, such as magnetic or electrical attraction and i-epnlsion, 
can do work without loss of kinetic energy and consequently of 
velocity. Such a moving system must therefore ultimately come 
to rest. 
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From formulas {27) and (32) combined, taking tbo integral 
for any cycle Ijetwoen (!) and (1), we have 

S f Pdp = i 2 m {v? — v,^) = n, — n, — 0, 

which may be read thus, worh cannot be done without an equivalent 
erpenditvre of energy, either kinetic or potential; and this is tbo 
algebruic expression of the impossibility of perpetual motion. 



JIOLECtTLAR rOECES. 

33. If instead of dedocing the impossibility of perpetual 
motion from the fundamental equation, we assume it to be an 
inductive trath, founded upon the proportionality of cause and 
effect, or admit as an axiom that an infinite amount of work 
cannot be done by the expenditure of a linite quantity of power, 
then equation (33) results as a consequence, and it may be shown 
(according to Helmholtz), if matter be supposed to be composed 
of ultimate particles, or material points, destitute of size or form, 
that the mutual attractions and repulsions of a system would 
take place in the directions of the lines between the centres cf 
the masses and be functions of their relative distances. 

As equation (33) requires that niT^ and consequently that iP 
shall always have the same value wlien m occupies precisely the 
same position relatively to the system, it follows that v^ is a 
function of cr, y, z, the co-ordinates of that position, and 



dx ""^ ~'~ dy 



^dz. 



Differentiating equation (16), wc get 
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which equatious (21) reduce to 

(l{v'):=- {Xdx + Ydy + Zdz). 

But the TaJnes of dx, dy, da, are iadetormiiiate ; thoroforc tbc 
first and last of these equations give 

1 X - ^'-^ - -^ F= ^'-^ ■ 1 z= 1(^. 
m dx ' m dy ' m iz 

Hence, if )j^ is a function of x, y, z, so also must the components 
X, Y, Z, be functions of the same variLibles or co-ordinates of 
position. 

Suppose now the system eonticnsed into a hypothetical material 
point a, the point of application of the resultant, then the action of 
m upon a will depend on their relative positions. But as these 
positions are determined by the intervening distance (r), see equa- 
tion (1), or liy the line joining m and a, their mutual actions 
will depend both in direction and intensity upon this line only. 
For the point a being taken as the origin of co-ordinates, we have 

d (y^) = ~ {Xdx + Tdy + Zdz) ^ 0, 

whenever jf^ is a minimum, or the potential of i^ is a maximum, 
so that 

rdr = xdx + ydy + zdz = 0, 
and 

dz— — ^' ^^ + y^y 

Therefore, by substitution, 

{Xz — Zx) dx + (Yz — Zy) dy ~ 0, 

independently of the values of dx and dy. Hence 

Xz — Zx = f); Yz — Zy = 0; 
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or the action of the materia! poiat m on a passes through a 
the origin of co-ordinates. 

In coneervativc djnumical systems composed of material points, 
the mutual internal attractions and repulsions would tliorcfore 
act in the direetiona of the lines joining them and Yary ouly 
with their relative distances and masses. 

It is, however, clear that a system, thus supposed to te composed 
of material points without size or form, but possessing mass, 
is purely a mathematical fiction. For molecules must he regarded 
es masses or groups of atoms or smaller particles, variously united 
aeeording to auknown laws of configuration, crystalline structure, 
or chemical constitution ; and their motions, absolute and relative, 
are not only translations of their centres of gravity, bnt also 
oscillations and rotations around those centres. Kor does this 
difftcnlty vanish if we seek to apply the i-easoning of Helmholtz 
to atoms which may be supposed to compose the molecules, for 
oven they cannot he assumed to he mathematical points destitute 
of size or form, acting ceutrally so as to produce only translation 
witliout rotation. 



IHTEGKABILITT OF THE FUNDAMEXXAL EQUATION. 

34. We have asserted, § 21, that tlic expression for work 
or energy, 

S.Pdp = ^ {Xdy + Tdy + Zdz), 

cannot be integrated unless X, T, Z, are functions of x, y, z, 
the co-ordinates of m ; and wo will cow show that this equation 
is integrablo for systems in which the mutual actions X, Y, Z, 
arc functions of the masses and thair relative distances. 

Let X, y, z, and a;', y', z', be the co-ordinates of any two mole- 
cules or masses m and m', and r be the distance of their centres. 
Also let ^ (r) be the function of the distance which denotes 
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tlisir outmtl action. Then the components of the action of m 
upon m' will by 

fC-f--/. *(.')"--/. *m'-^'; 

iiud those of the reaction of m' upon m are 

-*M^-, -.Hrf-^K -^(,.)^'. 

We hare, therefore, for the work of tn and m', 

t^[(x~x'){dx-dx) + {y-y'){dy-dy') + {z-z'){dz~dz')l 
But 

and 
rdr = (x—x) {dx~dx") + (y - y') {dy — dy') + {z-z') {dz-dz). 

Ilenee, by snbstitiation in the equation just found, and exten- 
sion of the result to all the nia.3ges taken in pairs, 

2 ^ (r) dr = S {Xdx + Ydy + Zdz), 

which is evidently integrable when the function ijt {r) is known. 

MOTION OP THE CETTTEE OF GEAVITY. 

35. The motion of any body, or system of bodies, may be 
decomposed into two motions; one common to all its molecules 
or masses, their translation in space referred to a fixed system of 
co-ordinate axes ; the other, their motions relatively to eaeh other, 
or to parallel bnt moveable axes through the centre of gravity 
of the system. Let us denote by x, y, z, the co-ordinates of «i. 
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one of the masses; by x\ y, z, those of the common centre of 
gravity; aad by f, % f, tlje co-ordinates of m referred to the 
centre of gravity as a movoahle origin. If the two systems of 
co-ordinates be taken parallel, 

a: = a:' + f, ij = y' + V^ e = z' + C 

Henes, by snbstituting these values in equations (31), rcdneing 
by the property of the centre of gravity, 



and observing that the masses have a common factor, and may 
therefore be added into one mass J/, we get 



2X: 



(?%' ^ ^f'P^' 



^r='^4^m = M% (34) 



dfi' 



' dl^~ df ' 



also, if we mnltiply these equations by the co-ordinates of the 
centre of gravity, x', y, z', as lever arms and combine the i"esalfs, 



say -») = «-(' 

S (Xn' — 



iV ,, 






which evidently express the moments of rotation of the system 
about tlie fixed origin and axes. 
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Tiie six equations jnst found show that the motion of a system 
of bodies, relatively to lixed axes in space, is the same as if all its 
masses were collected at the centre of gravity of the system, and 
that it is entirely independent of their mutual actions. This 
principle, usually called the conservation of the motion of the 
centre of gravity, is perfectly general, or applicable in all cases, 
no matter what may he the internal forces or disturbances. 

Hence the centre of gravity of all the seattored fragments or an 
exploded shell continues to pursue the original path of the pro- 
jectile. And the common centre of gravity of the system of the 
earth and moon revolves in its orbit around the sun, undisturbed 
by the daily rotations of the eai-th, by tides caused by the moon, 
by earthquakes, or by voicanic eruptions. 

36. To find the expressions for the motion of the system rela- 
tively to the centre of gravity and the moveable axes, substitute for 
X, y, 1, in equations (23) their values and 

■' \ 1- y Y «j — J/' 



S F-»i"nx'-£ X 



+ ^{n-x,)-^n.r,^^ 






Tlie first two terms of this equation vanish, for the factors within 
brackets are zero. 

Substituting now in the remaining terms tJie values of tPx 
and t?>/, we obtain 

But (S m7)) and fS m$) are zero, the first two tenns therefore 
disappear; and operating upon the other equations (32) in the 
same manner, we have 
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.(n-^)-..(^|-^.)^ 



(30) 



i(Zn- 



\di^ ' dt^ ' 



The co-ordinatca of the moveable origin, a-', y', z, having entirely 
(lisappeai-ed from those ctniatione, we see that the rotations aronnil 
tlie centre of gravity must be independent of its posificn in space ; 
so that the motion of the system about its centre of gravity is the 
same whether that centre be in motion or at rest. 



CONSERVATION OP AREAS. 

37. If tlie external forces which commtinieatc motion to a 
system of bodies cease to act upon it, abandoning it thus to the 
cipiul and opposite actions of its masses upon each otiier; or it' 
tiie forces X, Y, Z, act centrally, passing through the origin 
of co-ordinates; then in each of the equations (22) the first and 
conseqnently the second term will be zero. 

Considering the firet of those equations, putting the second 
tci-m equal to zero, and integrating it as a function of /, we obtain 

2 m [ydx — xdy) = cdt, 

and integrating again, 

2 m I (ydx — xdij) — ci ■{- Cy. (37) 

The geometrical construction of the fii-st member of this equation 
is evidently twice the sum of the areas swept over by the radii 
Ycctorea of the masses, for 
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J (ydx — xdif) = 'Zfydx — xy, 



in whicli fydx is the familiar formula for quadratures, au<l xij 
ii the rectangle made by the co-ordinates of m. 

If wlicn t be zero, tlio bodies start from rest, then e„ the 
constant of integration, vanishes; and the two remaining equations 
(23) similarly treated give like results, so that 

S HI {ydx — xdy) = cdt, 

2 m {zdx — xdz) = cdt, {i%) 

S m {zdy — ydz) = c'dt ; 

which show that the areas desciibed around tlie component axes 
are proportional to tlie time of their description. 

This is tlic well-known principle called the conservation of 
areas. Applied to planetary motions, it is Kepler's law of equal 
areas in equal times ; and it further proves Kepler's law to be 
embraced in a far more general law involving the perturbations 
ivhich the mutual attractions of the bodies of the solar system 
produce upon each other. 

COHSERVATIOB" OP HOMBNTS OF ROTATION. 

38. Tlie first of equations (38) may bo put under the form 



"(''m-'dil'- 



But X and y are tho lover arms, and their first derivatives are the 
component velocities of the rotation about tlie asis of z ; this 
equation, therefore, expresses the fact that the sum of the moments 
of rotation around the axis of z is constant. The other two 
equations of the group (38) give like expressions. Henee, the 
principle of areas is also called the law of the conservation of 
moments of rotation. 
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LOSS OF VIS ViVA IN COLLISIONS. 

39. Tfao principle of areas and the law of tlie motion of tlic 

centre of gravity show the motions caused by external forces to bo 

d p nil nt f nt 1 act a TJ 1 kc the abstract and limited 

1 1 i f n t i a tbey are general, whila it is 
1 1 1 1 1 1> I 1 ■ liieh in fact never really 

It id ly h wn tl t la the forces acting upon a 

t n a nt 1 ly tl 1 £ vis viva, ivhenever shocks 

Ujs tak J Idc 

T] pi as th t t tw qnal mQiSses destitute of all 

last ty attra t n a 1 th th eiiual forces and consequently 

mo ng with qu 1 and i p t 1 itiea ; if they should come 

t lb tb n t n w Id neutralize each other and 

2 wh 1 w f* b f llision, would become zero 
fte a d tl -w Id tl f b total loss of vis \-iva. 

If th m 1 w 11 their velocities v and v' be 

1 1 th tb n t n f ti ntro of gravity wii! not be 

h ng I 1 11 T t d n t its abscissa by a-^, and by 

nl tl f tb m nd m', at any instant i, also 

assume, lor greater simplicity, tlie motion to be in the direction of 

the axis of x. We have 



and difEerentiating we iind for the velocity of the centre of gravity. 



This velocity will not be changed by collision ; denoting it by ti, 
we have 
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and 

mv + m'v — mu — m'u = 0; 

ii'liich is true aln-ays and for all boilioa, whether they be clastic 
or 11 Dt. 

Suppose nci\7 the masses to be destitute of elasticity, thcu ivill 
the difEereneo of 1 mifl before and after collision be 

■mv^ + m'v'^ — mu^ — m'tfi; 

and if from this we subtract 

3m (mv + m'v' — mu — m'u) = 0, 

we get for the loss by euliision 

m{v- !()' + m' {u ~ v')% 

ivhieh must always be a positive quantity, for it is the sum of the 
siiuarea of the Yclocities lost and gained by the several masses. 

If ive suppose the masses perfectly elastic, and that the 
molecular forces restore entirely during expansion the work 
expended daring compression, without dissipating any part of the 
(lotential of distortion in the form of vibrations, such as those of 
heat and sound, then would m suffer during compression a loss of 
velocity (v — u) and an equal loss during expansion ; its velocity 
after collifiion would, therefore, be 

If — 2 (ji — «) = 2m — V, 

while that of m' would gain (i.i — v') during compression and a 
like amount during expansion, and would be 

r' + 3 (« — v') = 2u — v'; 

fjr the difiercnce of S nrB^ before and after coiiision we have, 
therefore. 
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mv^ + mv^ - /« (2« - vf - m' {^u -v'f, 
which reduces to 

ill (mu + w'w — mv — m'i>') = 0; 

consequently the sum of the vis viva is constant. 

But to ohtain this result, it haa been neceasaiy to snppose that 
no part of the yis viya is dissipated io the form of Tibrations, an 
impossible condition never realized. For part of the T\'ork during 
compression is not restored and tliore is consequent loss of sensible 
motion, transformed into vibrations. In such actions as the 
ringing of bells it is quite evident that a large part of the energy 
must he expended in producing \ibrations of sound. Moreover, 
whenever there is loss of sensible motion, even in such instances as 
the collision of very inelastic bodies, energy is not destroyed hut 
transformed, partly into potential distortion and partly into 
vibrations of sound, heat, etc. Hence we see that sensible energy 
tends constantly to dissipation in the final form of imperceptible 
vibrations. 

It is important to avoid confusion of thought, which sometimes 
occurs when the principle of conservation of vis viva is mistaken 
for the theorem of vis viva; the latter is given in equation (2(1), 
one of the algebraic forms of the fundamental law of energy, and 
is true for all dynamical actions ; while the former, expressed by 
equation (38), is of very restricted applicability and never 
physically possible. 

THEOREM OF VIS VIVA. 

40. Let us resume the consideration of equation (2(5) ; 
comparing it with equation (A) and (19), and integrating both 
sides of equation (19) we ohtain 

*-»(ir=*"'[g+(i)'-(S)'} (-) 
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which may he put under the form 

l^ mi^ = ^ 2 m {v? + v^ + v?). 

Heuce, (he via viva or kinetic energy of any moving system of 
bodies is equal to the sum of its components in the directions of 1 ho 
co-oi-dinate axes. 

41. It does not follow, and it is not true that, as is sometimes 
ignorantly asserted, if the motion of a system he decomposed into 
other motions in any manner whatever, the totui vis viva will 
always be equal to tlio sum of the vires vivro of (he several 
component motions. 

To j-cnder this evident let us divide the ahaohite motions of a 
system into those of translation referred to the fixed axes in space, 
and the relative motions of its masses referred to any parallel and 
moveable system of asea. 

Denoting the absolute co-ordinatea of the moveable origin by 
x', y, % and those of the mass m. by x, y, %, also the relative 
co-ordinates of m for the moveable axes by f, sj, f we have 

z = x' + ^, y=y'-[-7j, z = e' + i; 

and if these values be substituted in equation (39) it becomes 

!dx' d£ dy' dn de' <K\ 
+ ''^'"\dt'S''"S"di + dl'dll- 

which may be put under the form 
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in wliich u is the velocity of translation of the moveable origin, 
and w Ibc velocity of any mass m about that origin ; tlie oqnatiou 
evidently provea that generally t!ie total vis viva is not equal to 
Iho snm of the vires viv(s of its component motions, bat exceeds 
that sum by 



fix' /IS dy' (Jti 



[at dt "^ dt dt 



^ + 



dt 'dtj' 



or by the sum of the masses into the products of the parallel 
component velocities for the two systems of parallel co-ordinates. 

42. But if the moveable origin be taken at the centre of 
gravity of the system, then because 

S ml =0, 1 mn = 0, 2 m< = 0, 

the !.ist term in equation (IT) reduces to zero, and it takes the 
simple form 

£ mti< = S 7tt (((3 + tt^), (42) 

an important relation between the kinetic energy of translation 
and that around the centre of gravity in any moving system cf 
bodies; which may he thiis enunciated, the total kinetic energy 
of any system is equal to the sum of its cnergj' of translation and 
its interaal energy of motion relatively to the centre of gravity. 



VIS VIVA OF VIBRATIONS. 

43. The motions of a system may he divided into sensible 
motions easily observed, and molecular vibrations, which generally 
are too small to be seen and are very rapid. These vibrations 
produce the phenomena of sound, light, and heat, and are to us, 
therefore, of especial importance. 
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Let ns denote by u tlie very sniall displacement of a particb vi 
of any elastic body from ils position of relative cqnilibriuni, and 
asiume tlie general law of elaatidty given Ijy experiment, 

^i _ J 
di' — — "■^' 

to be true for the particular siibstaEce ; in which expression n^ is 
the value of tlie intensity of molecular elasticity, or the force of 
i-estitntion for a displacement u equal to the linear unit. 
Multiplying by 2du and integrating, we find 

/du'V' , „ „ 



to determine c, let a denote the maximum displacement when 
V becomes zero, this gives for c the value iM, ajid 

Transposing, extracting the square root, and integrating, we have 

u ^ a sin (ni + c), (13) 

the osi>resaioii for a simple displacement in vibratory motion. 

The sine of the arc nt goes through all its periodic values 
during an increment of 360" or 2~, or while t increases by 

— , that is to say, during the time of a full vibration. Denoting 
this time hy t, we have 

n = ^, 

and the last equation may be written, 

n = asial—( + c). (44) 
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Lut US now suppose n to Iw constant and the displace iiiunt n 
I'csolvcil into component displacements f, r}, ^, in tlie directioTi:^ 
of the three co-ordinate axes, then 

n (lit + c'), 
(nl + c"), 
{nt + c"). 

The differentials of these components, substituted in the second 
member of the equation 



give for the square of tlie component velocity, 



- 2 ^ a'3 fl 4- cos 2 [^ ^ + c'\] . 



The mean value for tlie last term of this expression, being a period- 
ical sum of tlio cosines of a continually increasing arc, must be 
zero. Hence, for the mean value, 

Similar values for the component velocities of »/ and C "^^ foi' the 
resultant velocity of m, give for the vis viva of m, the mean value 



1 /"■ mi^ ,, '^ , ,, , 



or the vis viva of vibration is equal to the sum of the vires v 
the component vibrations. 
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Suppose now tlio body fo be in motion in space, denote by 
a', y, z, the cuiTent co-ordinates of tlie normal poeition of equi- 
librium of m at any instant /, and by I, ?j, i, the components 
of its vibration about that normal position ; and the lariatioos 

dx + d^, dy + dij, dt + dZ, 

which occur during the time dt will give for the vis viva of m 
during the period 6, a short time, but comprising many vibrations, 
the mean value 



1 /'» 



^\r 






1 /■' :,Mildy,l 
"^ oJ" [dt d( ^ di d 

3 dx, dy, di, ure arbitrary 

1 /■' lix «\ ,, _1 dx f"ii 
eJ. ^"\dfdtl'"-l>'"'diJ, dt 



dy dT] dz dC\ 
di'dlj 



But as the movements tlx, dy, dz, ure arbitrary and independent 
of dS, dTj, d^, we liave 



1 dxt ,\ 

The last term therefore disappears from the expression obtained, 
and we conclude that the total vis viva is equaJ to the sum of that 
due U> the sensible motion, plus that of the insensible motion of 
vibration. It is clear that this result proved for any molecule m is 
true for all the molecules. 

Fram the preceding demonstration, it follows that whenever 
vibrations continue during a length of time sufficient to iuclnde 
many of their periods and thus give 

2 m? = 0, 2 mrt = 0, 2 m^ = 0, 
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(he mean or total vis viva is capable of separation and is c(jniii to 
tjic sum of vis viva of vibration plus that due to tho other moiiona 
of the system. 

VIBRATIOKS CHASOE THE POTENTIAL. 

44. To determine the effect of vihratioiiB npon the potential, 
ire have for it the two sneecssive values 

n = n (z, y, ,), 

But as f, j;, f, are very small comparatively to x, y. ■^, vrc may 
dcvclope n' by Taylor's thecrcm, which givca 

urn ^ f/n da ,\ 






The mean value of tho first differential or second term of this 
series is zero. But the mean value of l^ will bo 
i^ = a:^ &inHnt + c), 

which by virtue of tlie relation 

3 sin* «i = 1 — cos 2w, 

reduces to the moan value, 

Therefore 

Consequently the mean value of the potential of m is changed by 
vibrations from that due to its nonnal position. 
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TTOBK OF EELATITE MOTION, 



45. It lias been shown that the absolute, motion of any eyatem 
may be resolved into motion of its centre of gravity and motion 
of its raaesos relatively to that csiitrc ; also, § 42, that the total 
kinetic energy 13 separable into two portions, corresponding 
respectively to those distinct and independent motions, or that 

r^ li' <^ 

We may therefore separate the work of these independent motions. 
The cnrrent co-ordinates of the centre of gravity being denoted 
by x', y', z, and the relative co-ordinates of m by f, ?), f, tlie 
variations of the ahsolnte eo-ordinatea, | ^5, will be 

dx = dx' + d| ; dy ■=■. dy' + di}; dz=: dz' -|- dC 

If we substitute these values in equations (30) and (36) and suppoFe 
tlie system to start from rest, the constant will be zero, and iho 
work ivill be 

i-2 <« (M^ + ^) = f[X(dx' + d^) + r{dy+d^) + 2{dz+di)]. 

But as the relative motions are the same, whether the centre of 
gravity moves or not, dr, dy', dz\ arc arbitrary and entirely 
independent of d^, di), dC, as ai-e also if and (o of each other, hence 



= f{.Yd^ + Ydn -F zdi;). 



or the general theorem of work is applicable to motion relative 
to the centre of gravity. 
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ENERGY OF ABSOLDTE AND KELATIVE MOTIOK. 

46. The internal potential energy of any system depeiida only 
upon the relative positions of its masses and their mntual actions 
;in(l reactions. It is, therefore, the same for either the absolute 
or the relative motion of the system, or 

n {X, 2/, .) = n ii r,, <). 

If there be no external disturbing forces the motion of the 
centre of gravity ia constant; equation (43) may, therefore, be 
written thus 

L m — = £ m -^ + a ; 

and substituting these values in equation (30) we obtain 

n + S m ^ = c. 

IIcuco, whenever there are no external forces of power or resist- 
ance, the theorem that the sum of the potential and kinetic energy 
is constant may he applied cither for the absolute motion, or for 
the motion relative to the centre of gra\-ity, and tbe eystom is 
dynamically conservative. 

47. Per work between tbe limits (1) and (2) wc have found 

^£pdp = is m (.■/ - V,'). 

This may be divided into the work of the external and that of the 
internal forces, and he written thus 



^ f^'pdp = W. int. + TK ext. 
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Bat we have seen that tlie mutual actions of a system of bodies 
depend oaiy on the masses and their relative internal positions, 
so that 

W. int. = Hi — n^ 

Combining these equations vro obtain 

(n, — Hi) + |S m {v,' — v-i') = W. exf. 

or the variation of the total energy is equal to the work of the 
esteroal forces. 

WOSK OP EXPANSION. 

48. To obtain an expression of the work done by the pressure 
of an expanding subatauco, such as steam or compressed ah', 
acting in all directions ivith equal force upon equal areas of tlio 
enveloping surface, let dx dy or u he an element of that surfkeo, 
then the outward pressure exerted upon this element by the 
expansive force p will be pw ; and if it push the resisting surface 
through the leogth dz or I, then dx dy dz or lu) is the increment of 
volume dv and pdv is the elementary work. The definite 
iutegral 

pdv 



s:^ 



is, therefore, the work done by the expanding substance. 

WORK OP HEAT, 

49. If we suppose the expansion of any substance to be caused 
by variation of heat, other changes accompany that of volume. 

The increment of heat produces: 

1°, a change of invisible molecular motion or vibration, or 
of temperature, expressed by 
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2°, a change of molecular configuration and consequently of 
potential enei^y or latent heat, equal to 



3°, the change of expansion and external work 



£,,iv. 



The total variation will, therefore, be 

i(2m^ + n + yV(Zj>). (45) 

This evidently divides into two distinct portions, the invisible 
chaiige of internal energy, kinetic and potential, and the per- 
ceptible change of external work. Denoting the general integrals 
of these two portions by U and S, we shall always have for Die 
thermal work of any heated substance 



S fpdp = 



:U+8. (40) 



Sneh unfortunately in the present state of science, is our 
Ignorance of the constitution of matter, that the function U is 
sftneiallv sJ hidden as to Ix; indeterminable, though we may 
often ehmmiti. it But it is clear that ail measurements, however 
libonously mad of the aynamical action of heat, in which U is 
neithei htermmel nor ehmmated. must be radically defective; 
and of sucli there have been unliappily too many. Moreover, 
iquiti n (ib) shows that whenever part of the power is expended 
in producing thermal vibrations of friction the useful work is 
thereby diminished. 
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CALCULATION" OF WORK. 

50. The expression for mechanical work is 

u = S/Pdp = /<p {x)dx = / ydx, 

or the same as the geometric formula for quadratures. "WheiieTer, 
therefore, y is a known function of ^, work may be exactly 
calculated by the method of quadratures. 

But if, as is yery often the case, Pdp or ita equivalent ydz is 
is not integrahle, then its value can only be approximately 
determined. 

As such calculations ha?e often to be made by the professional 
engineer, we shall conclude this dynamical Introduction hy giving 
the most approved methods; of which there are three: 1° that of 
trapezoids, 2° that of Thomas Simpson, 3° that of Ponticlet, 

Method of Trapezoids.— Divide the projection of the curve 
upon the axis of x into equal parts e, and measure the ordinates 
corresponding to the points of division y^, y,, ^s, ys, 6tc. Then 
suppose tiiese ordinates to divide the surface into narrow 
trapezoids, the area of the first is 

¥ {yo + 2/i). 
that of tlie second is 

and, by summation, the total area is 

n=e\_\ (y, + 2/„) + y, + ;/, + y, + . . . +y._,]. (47) 

Method ,of Suipson. — Instead of imagining the curve to be 
polygonally divided, Simpson applies the fact that, through any 
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three pointa of a continuoTis carve, not too remote from each other, 
a parabola may he drawr., with which that part of the onrve may 
he supposed to sensibly coincide. 

Let A CB be the part of the curve, also let e = ac = cb. Then 
lor a parabolic segment 



AiBG=%aby. Ci. 
Therefore 









In like manner we find 



A" u = ^e {y, -\-^j,+ Ht)- 



Hence, by summation 

^=ie [(y, + 3/J + 4 (y, +y, + y, -^ . 

+ ^is^+y* + y> + ■ 

If tbe curve be reversed, as in the annexed i 

Ciu = ab[ci—^{ci — cC)] 
^abi{d + 2Gc), 

the same as in the former case. 

The formula of Simpson is readily 
obtained algebraically from the equation 
of the parabola 



..+ »/._,)]. (48) 
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which gives 

To determine the factors «, 0, y, the curve gives 



y^ — a-k- 2j3e + 4ye2; 
making the requisite eubatitutions and reductions we obtain 

A !( = ^ (?/„ + Ay, + y^), 
the same aa hy the geometric construetion. 

Method ot Poscelet. — This method with fewer ordiuates, 
and consequently less labor, gives even a closer approximation 
than that of the method of Simpson. 

It is a modiflcatioD of the ancient method of exhaustions by 
inscribed and circumscribed polygons ; and the greater the number 
of subdivisions the more exact will be the result in each of these 
several methods. 

Let AB be the 
curve, divide the 
base into an even 
number of parts, 
each equal to e, and 
draw the ordinates, 
y«, 3/i, y« Ja, y., etc. 
The area of the 
curve will be the 
mean between those 
of the circum- 
scribed and incribed trapezoids. 



. c £ 3 tf e ii 
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The area of the circunisL^ribcil triipezoids is 
3 = %e{Cc + Dd-\r Ee + etc.) = %e(y, + y, + y^ + . . . + y^^,), 
and tho area of the inscribed trapezoids is 
s' = ie {Aa + Cc) + e (Gc + Dd) + etc. . . . + j^ {Ee + Bb), 

= e[4(s'„+y,)+^i+2(s.+?/5+.-. ^-y^)+y^^+\iy,.^^+y')'\^ 

add and sobtract J (y, + ^^i) and we obtain 

s=6{%{y, + y,-\-... +z/,_0 + 4 (*/, + y,)- i (y^ + y^O], 
and taking the mean of these areas s and s', we have 

« = e[3(y, +2/, + ...+ y._,)+i{y» + ^,)- !(;/,+ y^,)]- 

The area is, therefore, equal to the product of tho interval e by 
twice the sum of the even ordinatea, y^, y^, y^, etc., plus one-fourth 
of the difference of the sums of the extreme ordinatea and those 
nest to the extremes. 

As the hall sum plus the half difference of s and s' is equal 
to s the greater, and the half sum leas their half difference is equal 
to s' the less of these two areas, it is evident that the area bounded 
by the intermediate enr\-e can never differ from the mean valno 
or half sum of s and s', by an amount equal to their half difference. 
Hence, for this method of Poncelet, the limit of possible error is 

'^-^- = y [(2/. + y^^) - {y^ + y.)], 

which the figure shows to be geometrically equal to 

J«(K). 

If this approsimation be not sufficient, it may be rendered closer 
to any required degree by lessening c the interval between the 
ordiuates. 
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5 1 . To slio-w the comparative aeenracy of tlioae several methods, 
we will apply them to the example of measuring the integrable 
area, between an equilateral hyperbola and one of its asymptotes. 
The equation of the curve heiag 

xij = m, 






If in this esprcsaion we put m — ^, a = l, and 5 = 7, then the 
method of integration gives for u the esa«t value 



= y y'?^ = i log 7. 



And the several methods give the following comparative results: 

Integration, .... esact, u = 0.9730 

Trapezoids, - . . . approximation, u = l.OlOi' 

Method of Simpson, " u = 0.9791 

Method of Poneelet, " m = 0.976a 

Hence it appears that the method of trapezoids is in error for 
this example to the amount of 3f per cent, that of Simpson to 
0.6 per cent, and that of Poneelet to 4 of one per cent. With only 
the extreme and even erdinates, or little more than half the 
number required in the method of Simpson, that of Poneelet is, 
in this example, nearly twice as accurate. 

The method of quadratnres is always applicable when we have 
to determine definite integrals of the form 



u = I ip{x)d 



for we may always represent {x) by y, the ordinate of a curve 
corresponding to the abscissa x; and whatever be the nature of the 
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function, or the quantities x and (a:), the value of u can Ijg 
iletermined by the area bounded by the curve, its projection 
on the axis of x, and the ordinates of it8 couBeeutive points. 

By diminishing (he interval o the methods of approximation 
maybe rendered indefinitely closer; and with very few ordinates 
they usually give results sufBciently accurate for most practical 
purposes, while integration is rarely possible. These methods are, 
therefore, of great utility, for thoy enable ua to make readily the 
calculations required in a vast number of practical questions con- 
stantly occurring in engineering, in mechanism, in physics, and 
in other branches of applied science. 
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CHAPTER IV. 

GENBEAL LAWS. 

DEFINITION OE TEMPEEATUEE. 

53. Every person is familiar with the sensations to which we 
apply the adjeetivea hot and cold and the woixl temperature, 
also with the fact, thiit when hot and cold bodies act upon 
each other, heat is lost by the hot and given to the cold, until 
they become of the same temperature. 

But as sensations and adjectives canuofc be measured, (lie 
thermometer is used to indicate variations of volume which 
accompany and are functions of the corresponding temperaturfs 
of equilibrium into vrhich it pats itself with surrounding bodies. 

The ordinary thermometer shows only apparent changes of 
volume for mercury and glass; and the function which expresses 
this relative' expansion is not even kuown, other than by aid 
of an empirical formula which varies with the chemical compo- 
sition and molecular state of the particular glass employed. 

The method used for the graduation of thermometers is bnacd 
upon the arbitrary assumption, that changes of temperature are 
proportional to those of volume ; which, so far from being true, 
is generally false; for the law of dilatation of one substance is 
rarely similar to that of another. 

To express this arbitrary assumption algebraically, let v^ denote 
the relative Yolume at 0°, r, its volume at 1°, and i.', that at t, 
then will 

Vi — v^:l::vt — i:„:t (50) 
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be the equation which immediately gives for the algebraic defini- 
tion of the term temperature, when indicated by degrees of au 
ordinary thermometer, 

t ^ ^5|"- (51) 

The only substances which are found to obey ti e law espr s ed 
1 y tl 3 dcfinit on w th even in approx mate acuaj aeaf 
gases hydiogen oxjg n n trog n etc wh h ha 1 tl erto res ste I 
ill efforts n ide to 1 que^v th m by pres ure and ext en e cold 
oml n d And en for these tl e law m et I e consi ler d to 
1 1 Iv to th r absol te d latat n nl or the relat e 1 lat^t o 
correct d by ei a nat on of t! at of tl e glas 

lor wel gasts 1 e 1 -*r el law of al solute d latat n illv 
ailed tl e 1 v of C ay Lu sic 1 ut wh ch bhoutd bo nam d tl at of 
CI arles s for cl anges of oian e 

v = v„(l + cct); (53) 

in which the coeSicionfc of dilatation « denotes the increment 
of volume for the cubic unit and for one degree of temperature. 
If wo observe that, hy definition, we have 

v~% = c: v^t, 

it will be evident that equations (51) and (52) are identical 

Permanent gases are also the only substances which obey 
appro xi mat ively the law of Mariotte, that, when air is compressed 
without change of temperature, the volume rarios inversely as 
the pressure, or 

pv = po^V 

But if, at the same time, the temperature of the air 
be elevated to an amount t, then 
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and we get 

'pv = jhv^ (1 + a ; (53) 

ail expression for the liiws of Charles and Mariotte combined. 

An air supposed to obey exactly those two laws, or their 
combination expressed by the equation just found, is called a 
perfect gas, or is said to bo theoretically in tho perfectly gaseous 
state. Of aU real gases, hydrogen approximates most nearly to 
such an hypothetical substance. 

As permanent gases are the only substances for which equa- 
tions (51, 52, and 53) are nearly exa«t, temperatures should 
always be measured by air thermometers when accuracy is required. 
But for ordinary practical and even for many scientific purposes, 
the indications of mercurial thermometers, between 0° ami 100° C, 
do not differ sufficiently to produce considerable errors. And, 
when precision is requisite, corrections may be applied to reduce 
degrees observed with a mercurial thermometer to their eor- 
rospontling values indicated by the expansion of air ; for which 
purpose Eegnault has furnished the requisite data, and even a 
table of equivalent indications extended to 350° C. (See Mem. 
do rinst., t. xxi, p. 339.) In the theoretical discussion of thermo- 
dynamic phenomena, temperatures are, therefore, iilways to le 
supposed to be those given by the absolute dilatation of air. 



QUANTITIES OF HEAT. 

53^ There is an obvious distinctioD between temperatures 
and quantities of heat To heat a cubic foot of water, weighing 
lOOO ounces avoirdupois, through a given range of temperature, 
it would evidently be necessary to consume 1000 times the amount 
of fuel requisite for one ounce. A large block of ice would require 
more heat to melt it than a small one. Also a ton and an ounce 
of red-hot iron may he each of the same temperature, thougli 
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there would manifestly be far moi-c of what is called heat in the 
ton than in the ounce. 

Yet proper attention was not paid to this simple but important 
distinction nntil it was sliowii by Dr. Black, at the middle of the 
last century, that of the large quantity of heat required to melt 
solids, or to evaporate liquids, none whatever is indicated by a 
thermometer. Hence he gave the name latent heat to that which 
tlius causes such changes without elevation of temperatiire. 

When bodies put themselves into equilibrium of temperature 
with each other, these changes are attended with transfers of heat 
absorbed by one and given off by another, to which the terms 
specific Ileal and calorific capacity are generally applied. 

In the investigation of all such thermodynamic phenomena, 
quantities of heat must be measured ; and for these measurements 
a standard unit is necessary. The calorie, or nnit by weight of 
water at 0° raised to 1° C, is conventionally the thermal tinit 
employed, and to this common measure all thermal quantities 
may be reduced. 

It was long imagined that the quantity of heat requisite to 
raise a given body from any temperature t to the consecutive 
degree {t + 1)° is constant, whatever may bo the value of t ; 
but this has been shown to be untrue. Hence it is necessary 
to fix the temperatures 0° and 1°, for the standard unit. Gen- 
erally, if we suppose the temperature of any body to be t, and 
that it takes an increment dt, in consequence of the reception 
of an amount of heat dq, the specific heat of the body, at that 
temperature t, is 

|=/W; (64) 

a function of the temperature which varies with the nature of 
the substance. 

The terms quantity of heat, calorie, latent and specific heat, 
capooity for heat, calorimetry, etc., are due to the material hypoth- 
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esis ; according to wliicli heat was a subtle, indestructible substance, 
called caloric, combining witb or separating from other matter. 
But it is perfectly easy to think of a quantity of heat aa energy, 
or as an amount of vibratory motion ; which may be transferred 
from one body to another, and thus be lost or gained, communi- 
cated or received. Hence, those terms, which have long been 
the familiar names for certain observed facts, may still be used 
in the new dynamical theory of heat, without confusion of 
thought; and indeed, it would be difficult, even if it were 
desirable, to find for them equivalent words. 



GENEEAL FORMULAS. 

54. To determine the quantity of heat corresponding to any 
given amount of energy or mechanical work, equation (46) aud 
the law of Joule give 

EQ=z-S.fPdp~U-\- 8; (55) 

in which E denotes the mechanical equivalent of heat, aud is 
called Joule's coefficient. 

And if we denote by A the reciprocal of E, or the heat 
equivalent of work, then 

q = A{U+S). (56) 

If the sensible or external work S bo that done by the pressure 
of an expanding substance, such as steam or air, then 

8 = fpdv, 

and equation (56) may be put under the form 

Q = AU ■\- A f pdv. (57) 



d by Google 



78 MECHANICAL THEORT OP HEAT. 

Taking this between the statea or limits {!) and (3), wo obtain 

Q,-Q,=A{U,~ lA) + A £'pdv. (58) 

If the bcMly or system pass from the state (1), by any intermediat(! 
cycle of thermodynamic changes, back to the same state, or con- 
figuration (1), then will 

l\ — U, = w. int. = n, — n, t=; 0, {5i)) 

and equation (57) reduces to 

Q = Aj^pdv. (60) 

This result ie of great importance, for it shows how, in thermal 
investigations, we can eliminate the internal energy U; which ia 
generally inaccessible to experimental determination. Consequent- 
ly, if it were impracticable to eliminate IT, we might despair of 
being able to make any considerable progress in this branch of 
science. The nece'seity and the mode of such an elimination werc 
first indicated by 8adi Camot, who drew attention to the truth, 
that thermal energy can be contintiously converted into external 
useful work only when the system periodically returns to the 
same initial state, or contlguration, and the variations of the 
internal energy of the system, or of its potential U, reduce (o 
zero. 

THERMODTNAMIC FUNCTIONS. 

55. The thermodynamic state of any body is a function of 
the action upon it of external forces, of the temperature, and 
of its specific volnme or reciprocal of its density. As the 
esternal forces may vary in any manner whatever, the problem of 
determining that state is evidently too general for gelation. It 
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is, therefore, simplified by assaming the external foveas to be 
only those of a normal pressure acting uniformly upon the cou- 
taining surface, and also by supposing tiie density and temperature 
constant throughout the entire mass, Less simple cases are 
referred to the theory of elasticity of bodies. But even when thus 
limited and simplified, the problem is often incapable of solution. 
As the dyiia,mical condition of any system is determined by 
its total energy, kinetic and potential, if we denote these by T 
and H, the normal pressure, temperature, and specific volume, 
or any other dependent variables, such as the conductivity, radia- 
tion, index of refraction, etc., are functions of T and 11; and 
from any three equations, 

P=f(rn), t>==/'(riT), f=f"{rn}, 

the variables T and n may be eliminated, leaving only cue 
equation, 

(j> {pvt) = 0. (01) 

Only for the permanent gases has it been found possible to 
determine the form of this function with sufficient accuracy. 
The combined law of Charles and Mariotte (63) is, as we havo 
stated, a ii:nit to which they approach, more or less closely, in 
their thermodynamic changes; hydrogen obeying that law very 
nearly, while carbonic acid and other liqnefiable gases or vapours 
depart sensibly from it, 



PAKXIAL DIFFEEEKTIAL EQl'ATIOSS OP TKAXSKORMATIOK'. 

56, AVo may regard tlie thermodynamic state of any body 
or system as a determinate function of three variables, tlie tem- 
perature /, the specific volume r, and the normal pressure p; 
it is expi-essed by the equation (61), just found. Also these 
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variables p, v, i, may be considered as co-ordinates of a geometric 
sm-face representing the function. 

If for any assnmed value of t we find the corresponding values 
of p and V, th^ is equivalent to the determination of the form 
of a sectiou of the 
thermodynamic surface 
perpendicular to the 
asis of t. Similarly, 
we may find any num- 
ber of sections, each 
perpendicular to the 
same asis; and these 
sections would evident- 
ly determine the sur- 
face. But as sections 
may be thus taken per- 
liendicularly to each of the three axes, the investigation cor- 
responding to this geometrical analysis by sections may bo made 
in three distinct ways ; in each of which two of the co-ordinates, 
]), t; t, are taken as variables, while the third is an arbitrary 
constant. It is clear that the results thus obtained must all 
accord, as they are related to each other l>y the common function 
(Gl), which is represented hy the same geomstric surface, and 
expresses the states, or transformations, of the body. 




57. Let V and / be the variables for any constant value of p. 
If now the temperature become t + di, and the specific volume 
(' -I- dv, then will 

~ lit 



dQ = 



?<« + 



be the variation of the quantity of heat for such a change, 
stitnting letters for the partial derivatives 



Sub- 
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the equation just found liGComes 

dQ = cdt + Idv. (63) 

The partial derivative e is usually called tlie specific heat of 
lunsianl volume, it being the quantity of heat requisite to produce 
a given changa of temperature without any variation of volume. 
And, analogously, the coefficient I bears the name of the laleiit 
heat of dilatation. 

For any indefinite change we have 

Q = / (cdt + Idv). (64) 

But to integrate tlio second member of this equation, it is 
Uiicessary to know the fnnetion (61) for the particular body or 
system. And as that function is not known, even approximately, 
except for permanent gaiSes, the integration is rarely possible. 

Moreover, such is tiie impracticability of confining any solid 
or liquid body when heated or chilled, and of preventing for 
compressible gases the lose or gain of heat by conduction, tliat tl>e 
coefiicient c cannot be ascertained experimentally ; while for the 
ipuntity 1, though attainable, we possess few observations. 

58 Experimental investigations have been mostly of specific 
heat, or calorific capacity, under constant pressure. Taking 
therefore, p and i for variables, we have 

and denoting the specific heat of constant pressitre by c'. 
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if 2) vary independently of I, we have hdp for the quantity of heat 
necessary to this change; tho coefficient h being aualoffons to 
c, I, e', but witliout ii conventional name. Tlius, we obtain 

dQ = c'dt + hdp, (65) 

for the elementary quiintity of heat dnc to this transformation. 

Between ((i^) and (65) there exists a relation determined by 
the function (61); seeking from which the value dv, or of 

, dv -, <Ir , 

we get, by substitution, 

c'dt + Mp ^cdt + 1 (J dt + p-^dp\; 
and eiinatiug coeiEcients of like <iuantitics, 

^ dl' 

'' = '%■ m 

59. Finally, if p and v be taken as the variables, we similarlv 
have for an elementary variation of heat, 

dQ = ifdt' + mip ; (c:) 

M and ..Vheing nameless coefficients analogous to c. I, c', li ; 
and for whicli the function (r;!) gives the following relations, 





,, dt , di , 


consequently. 






Mdv + Ndp = Idv + cdt 




,, hit ^ di , \ 
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From which we readily deduce 

If _ 7 1 dt _ ,dt 
' ~ dv ~ dv' 



*=«!■ (««) 



60 It H often desirable ind even necessary in the investi 
gation of thermal phenomena t-> tiL.e la mdupondent yinablei 
instead cf the pressure ttmperituie aiid b[eciiit, \olume other 
data, such as the conductivity the emissi\e or alisorbent ponei thi. 
index of rcfrattion etc, of tlie sihstance uudcr consideration 

Denoting therefore by x and y any two ?uch iambics upjn 
wh ch the thermal ^tate of the lodj depend' or varying with 
it HI iiiv niaunei whatever we shall h'i\f for the elomGntin 
([luntity of heat corresponding to their variation, 

dQ = mdx + ndij ; (69) 

and if do and dt be the corresponding Tariations of volume and 
temperature, then 

mdx + ndy = cdt + Idv. 
Consequently, 

.»& + <«'!! = ' {§,<!'' + f/li) + ' (S <'■= + I-*?). 

and, therefore, we have always 



dt , jdv _ 
"'dy dy' 



(70) 



general formulas, of which (66) and (68) are only particular 
values. 



d by Google 



MECHANICAL THEORY OP HEAT, 



HEI.AII0S6 OF THE PARTIAL DIFFEHENIIAL COEFFICIENTS. 

61. For any elementary quantity of heat equation (57) fijivc 
tlio general valnc 

dQ=::Adri+ Apdv. (;] 



But a; 


5 D' is a function of p and v. 


and 





S"ou*, by equation (67), 

ilQ = Mdv + Ndp, 
consequently. 



N—A-j- ■ 
dp 

dp dv ■ dp ' 

dN _^_mj__ 
dv dp ■ dv ' 

dM_d.N_ 
dp dv " ' 



Let now v and i he the variables of which IT and p arc func- 
tions, then 



dU — ~-,-^dt + ~y-di; 
dt dv 

:=A-gdl + A[-j^.+r]dv. 
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But equation (63) gives 



wliicli give 



dvdt^ 
dt dv '' 



insequentiy, there always exists the relation 
dl do ^ .dp 



Lastly, if we take p and t for Tariablea, of which U and v are 
fnnctions, then 

,,r dU ,, , dV, 

, da ,_, , rf« , 
av = ^7 a # + -i- dp, 
dt dp '^ 

<^Q = '■^^ 

But equation (65) gives 

' " [~dt ' 
. (dU , dv\ 

from which, 

dp "" {dtdp '^^ dt-dp '^ dtj' 



[dpdi'^^dp-dit 
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and consequently 

dc' dk 

dp dt 



s- (W) 



There relations (73), (73), (74), between the coefficients c. c, I, 
etc., which we owe to Claueius, show that the partial differential 
equations of transformation (63), (65), (G7), are not directly iute- 
grable ; for the eriteriou of integrabilitj 

dm dn 



showing an expression of the form 

mdx = ndy 

to be an exact differential, is not fulfilled in either case. Yet 
there always exists for such an expression an infinite number 
of factors such that, if multiplied by any one of them, the 
expression becomes an exact differential capable of integration. 
This is usually proved in elementary treatises on the integral 
calculus, but for convenient nee we give a brief demonstration. 

FACTOES OP LNTEGEABILITT. 

6S. For auy constant value of one of the co-ordinates or 
variables, such as t, or for any given section of the corresponding 
geometric surface cut pei^ndicularly to an axis, the general func- 
tion (61) reduces to one of the two remaining co-ordinates, or 
variables, and an arbitrary constant, 

^ {p, r, c) = a 
By differentiation, 
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and it is evident Uiat, if we compare tiiis with 

Mdv + Ndj}, 
we must have 

dM _ (H _dlf 
dp "" dj> dv "" dv ' 

as the criteiaoD of integrability, v/lienevcr tlio expression is an 
exact differential of which the function <i is the integral. 

ffc liave seen tliat the partial differential equations of trans- 
formation by heat, such as 

dQ = Mdv + Ndp, 

do not fulfil the criterion of integrability just demonstrated. 
Let us, therefore, put this equation under the equivalent form 



in which u will be a function of p and v. The general integral 
of (his equation ia a function of p and v and of an arbitrary 
constant. Ltt this integral, resolved with reference to the 
constant, be 

<? {p, V, c) = 0. 



Then, by differentiation, wc g 
(70 (l^dp_ 



dv dv d<p 



= 0, 



an equation from which the arbitrary constant has been elimi- 
nated ; and whlcii should, therefore, be identical with that 
proposed. Consequently, 

dp _^ dp d<p dp 

dv dv dv dip' 



d by Google 



88 MECHANICAL TIII^OEY OF HEAT, 

or multiplying both sides by the same factor, 

dp \dv ! ~ dv dp dv 

But the second member is simply the first derivative of the 
fuuction 1^; such is also the case, therefore, with the proposed 
equation 

t' + .^o, 

when multiplied by the requisite factor. 

Hence, denoting by A the reciprocal of tho factor of integi-;i- 
bility, we have 

f = «* + f* = #; (K) 

and there is, therefore, a factor y which renders a differential of 
the proposed form exact and integrable. 

The number of such factors is also infinite, for let e be one 
suitable to render exaot 

z Mdv + z Ndp := rfw, 
then will 

z i/*» {Mdv + Nap) = '/"w dui 

be an exact differential, and as V" i^ ^^ arbitrary function, it 
may evidently have an infinite number of values. 



LAWS OF THE PERFECTLY GASEOUS STATE. 

63. The consideration of gases assumed to obey exactly the 
law of Charles and Mariotte, 

pv=p,v,{l + at), 

and therefore said to he theoretically perfect, is very important ; 
for thus we are enabled to discuss problems in thermodynamics 
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in a manner precisely analogous to that whicli has been bo 
advantageously used in mechanics for the lever, the pulley, the 
pendulum, the parabolic motion of projectiles aud many other 
problems, in which the efiects of friction, resistance, and othrr 
disturbing actions are provisionally disregarded, for the purpose of 
obtaining simpler approximate solutions, which need only small 
corrections to be applied to them to become close expressions 
of the real facta of nature. This course is also followed in 
astronomy; the imaginary elliptical orbits of planets being only 
first approximations, cr hypotheses, rciuiring to he corrected for 
pertarbations- What those fictitious elliptical orbits are to 
astronomy, what a fiictionlees machine in vacuo, or a simple 
pendulum, is to mechanics, such in the study of heat is a 
theoretically perfect gas, an important simpliiication giving for 
difficult problems approximate solutions ; whieh cither differ 
insenoihly from exact solutions, or require only slight corrections 
to render them accurate enough for all purposes. In fact, they 
determine tht; first terms of a convergent series, whose remaining 
terms either are inappreciable, or else constitute definite residual 
phenomena for extended investigation. 

Thus they establish positive K-lations, or laws, which mu.=t 
be included in any future more advanced state of knowledge, 
and indicate the path of researcli and discovery. 

Moreover, thej* fully explain hot-air engines, such as that 
of Ericsson, and enable us to compare them correctly with the 
steam-engine. 

64. We shall also assume as laws, or as postulates, for 
theoretically perfect gaaes, obeying the law of Charles and 
Mariotte, the following esperimental inductions: 

1°, the second law of Joule, that the internal energy of 
permanent gases is a function of the temperature only, and 
therefore does not vary with the density or specific volume; 
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2", the law of Eegnault, that the apeciae heat of constant 
pressure of any permiinenfc gas is independent of its temperature 
iiud density; 

3", the experimental law, that the product of the density 
by tha spcciSc heat of coustajit pressure is the same constant 
for all permanent gases, 

Tho last two of those Uws have been satisfactorily established 
by Kegnaulfc ; who has also determined tho deviation of atmos- 
pheric air, oxygen, hydrogen, and carbonic acid from the combined 
law of Charles and Mai-iotte. The second law of Joule iias been 
verified both by Regnanlt and by Sir W. Thomson, And the 
following important con sequences are readily deduced. 

By differentiating V in equation (71) as a function of r and /, 
wo get 

But by the second law of Joule, Z7 is a function of I only for 
ponnanenfc gases, and doe^ not vary with v, hence 



(70) 



and the equation just found reduces to 



If now we compare this with the equation of transformation, when 
■(■ and t are independent variables, 



dQ = cdt + Ido, 
( that, for perfect gases, 



dt ' 



and 
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Hence the specific heat of constant volume of any perfect gas can 
only be a function of its tempeniture. And the latent heat of 
tliktation is proportional to the pressure. 

65. AVe have found, see § 61, fur Ihc specific heat of constant 
pressure, the general value 



but the law of Charles and Mariotte t 



\dt 



-«p.vA; (79) 



eonse<{uently, the specific heat of constant pressure can vary only 
with temperature. But, by the postulate or experimental law 
of Regnanlt, it i« independent of the -temperature ; and, tiierefore, 
is a constant for each ga?, 

66. The specific heat of constant volume must also be a con- 
stant for each gas; for by subtraction, 

c — c = A apt,v^ ; (80) 

the second member of which is constant for the same snbstance. 
And if wc integrate the expression 



under the hypothesis that c is constant for any particular gas, 
then we will obtain 

AU=cf, or V-Ect; (81) 
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the algebraic expression for tile second law of Joule. The constant 
of integRition being zero, 

07. If now we divide both sides of equation (SO) by vn, or 
wliieh is the same thing, multiply by d, the density or specific 
gravity, we have 

^-^^ ={c' ~c)3 = A up^; (82) 

and as the second member-is the same constant for all the perma- 
nent gases, so must the first be also. 

But by the third postnlate, or law of Kegnault, the ratio 

i = c'd (83) 

is the same constant for all permanent gases; conseqncntly, 

^^cd (84) 

must also be the same constant for them all. 



JOULE S COEFFICIENT THEOEETICALLT DETEEMIHED. 

68. From equation (82) we obtain the theoretical fonnula 

which enables us to calculate the mechanical equivalent of Joule, 
aud compare this value with that detcrmiued by his experiments 
on friction. 

For hydrogen, osygen, and atmospheric air, all the quantities 
in the second member of (85), except c, have been experimentally 
determined with great precision by Eegnault The value of c 
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ia les3 accurately known, for it is not possible to obtain it bj' 
direct experiment ; indirectly, bowever, it has been deduced from 
the velocity of sound. If the acoustical value of c be employed, 
with those of Regnault for c', a, v^ the following values of E, 
the equivalent of Joule, are given by the permanent gases, 

Hydrogen 435.3 

Oxygen ...._. 436.7 
Atmospheric air .... 42G. 

Of these results, that given by hydregen, which approaches rory 
nearly to tlie limit of the perfectly gaseous state, is the most 
probable. 

The accordance of those theoretically computed values, based 
upon entirely independent data, with the coefficient obtained 
experimentally from friction by Joule, ia truly remarkable, and 
fully verifies the accuracy of his work. 



DETERMINATION OP THE FACTOR OF INTEGRABILITY. 

60. We have proved that there exists always a factor, which 
can render integrable a partial differential equation of thermo- 
djTiamie change. That factor raiiy be easily found for perfect 
gases ; for writing the law of Charles and Mariotte under the form 

pv — ap,v^ (([ + — 0, (86) 

in which a is the reciprocal of «, and substituting, in 

dQ ~ cdt + Idu, 

for I its value Ap, we have 

dQ = cdt + Apdv) (87) 
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whenco wc obtain, by replacing p by its value given in (SO), 
tlie expression 

dQ = cdl + A ap^i\ (a + i) — ; 
and consequently, 

the second member of wliieli ia evidently an exact differential; for 
c is a function of t ouly, and the variables are separated. CiilUng 
it d {<p}, we have 

iTl = •'<*>■ '*"' 

One of the values for A, the reciprocal of tho factor of integrability, 
h, tiierefore, 

X ^a + i. 

If p and t bo the independent variables, then oi|uation (05) 
gives 

ilQ = cdi + hdp, 

and Eiibstitutiug for h its, value, given by eriuations (GO) and 
(78), or 

' dp ~ '"''^ dp ' 
we obtain 



dQ '= c'dt -i- Ap y' a 



Hut equation (80) gives 



therefore 



dp p 

h = ~Af; (90) 

dQ = c'it — Avdp J (91) 



db,Google 



GENERAL LAWS 



eonsequontiy, 
and 



(93) 



a + I a + t 

Hence, aa e' is a function of t only, the variables are separated 
and the second member is tlio exact differential of a function of 
p' and /, so tliat again 

Lastly, if we assume p and v for the independent rariables, 
then will 

dQ-= Mdv + Ndp; 

and substituting in this for M and iV" tlio values given by (08), 
it becomes 

but tlio quantities within brackets are the partial differentials of t 
m a function of p and v, and their sum ia its total difEerential dt, 
hence this equation reduces to 

dQ = cdt + Idv ; 

wliicb is the same as et^uation (87) and ia rendered integrable 
by the same factor, 

X =z a -\- t. 

Hence, for the perfectly gaseons state, there is a factor a, equal to 
the temperature, t plus a constant a, which renders integi-able the 
equationa of thermul transformation ; aud as the constant a is the 
reciprocal of «, the coefficient of dilatation in the law of Charles 
and Mariotte, the factor A is the same for all perfect gases, ffc 
will, hereafter, show that this factor A is also the same for all 
substances whatever. 
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ABSOLUTE TEMPERATUKES AKD AN ABSOLUTE 2EB0 OF HEAT. 

70. As heat is energy of motion aad all motion may be reduced 
to repose, it necessai-ily follows, whatever be the form of those 
hidden molecular motions which render bodies hot, that they can 
oome to rest, or end in an absolute uro of heat and temperatnrc. 
As silence is complete negation of sound, and darkness of light. So 
is this thermal zero utter privation of heat. Moreover, from these 
dynamical liews, it follows that negative absolute temperatures 
cannot exist. 

If in equation (S?) we suppose that no external work is done, 
then pdv is zero, and 

dQ = cdi + Apdv 
reduces to 

dQ =: cdi ; 

which, by integration between limits, becomes 

Q -Q, = c(t- h), (93) 

provided that c is constant. Now, the researches of Eegnault 
prove that, though c is variable for vapours, liquids and eolide, 
it may be considered a constant for each permanent gas. Conse- 
quently, the law expressed by equation (93), that variations of 
temperature are proportional to the coiTesponding changes in 
quantity of heat, is true only for perfect, or permanent, gases 
expanding without external work. Only air thermometers, there- 
fore, can be used for detcimining witii precision corresponding 
changes of temperature and quantity of heat. 

But as each observation made with an air thermometer is 
a delicate and difficult experiment, and aa the function c is 
determinate for every substance, mercurial thermometers may be 
graduated by comparison with air thermometers, and thus he 
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rcndured accurate. In fact, the great requisite for thcrmometcra 
is that their indications he comparable with each other, and with 
those of aiv tlieiinometfirs ; which alone can serve as standards 
to meaaura temperatures proportionally to variations of heat or 
energy. From equation- (81) wo have 

U-Uo = Bc{l~Q; (94) 

which shows that, when pdv is zero, the variation of interna! 
energy of a perfect gas is proportional to that of the temperature 
indicated by an air thermometer. 

71. To determina absolute temperatures, suppose, in the. 

equation 

pv = €cp,v„ {a + t), 

the expansive force p to become zero, so that the gas exerts no 
tension and can do no work ; then, whatever may be the vaiue 
of V, we shall have 

a + i = ^ + i = 0. 

But according to the measurements of Eegnault, the value of a 
is 273 very nearly, Consequently, 

is the equation which determines the ordinary centigi'ade tem- 
perature t corresponding to tlie absolute zero of heat. Its value 
is evidently — 273'' 0., which is nearly equal to — 400" Fahrenheit. 
Denoting absolute temperatures by the Greek lett<!r t, and 
those of the ordinaiy thermometer by /, we shall have generally 

T = a^t. (95) 

Hence, to convert centigrade temperatures of the air thermometer 
into absolute temperatures, proportional to variations of ene:^ 
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or heat, we have only to add to the observed indications the 
constant number a or 'i'}l3° C. This is evidently a mere change 
of origin of co-ordinates. 

Absolute temperatures can be as readily expressed in degrees 
Fahrenheit, or Itcaumur ; the algebraic formula being the same, 
the only difEerencos are in the aiithmelical values of a and t 
required by their respective scales. 

Differences of temperature give always 

rj — 7-1 = /j — i, ; 

or they are equal for both absolute and ordinary temperatures; 
conscqueiitiy di is always the same as dr. For many purposes, 
only changes, or difierences, of temperature need to be expressed ; 
and the smaller numbora of the centigrade thermometer are often 
more conieniont than when increased by 273 to reduce them 
to the absolute scale. But thermodynamic formulas arc generally 
simplifled by substituting t, the absolute temperature, in pkcc 
of a -|- i*, the oi-dinary centigi'ade or Fahrenheit indication. 

Aa both the factor X and the absolute tL'mporature t have 
been shown to be equal to the same quantity, so that 

A = r. + ( = r, (90) 

it follows that the absolute temperature t is tlie factor of integra- 
Hlity A for perfect gases. This result will be shown to be general, 
or applicable to all bodies. 
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CHAPTER V. 

AIRS AND VAPOUKS, 
LAWS OF CHAKLES AND MARIOTTE. 

72. To deduce the thermodynamic laws of elastic fluids, such 
as air, from the general differential equations of transformation 
and energy, we have supposed gases to obey exactly certain experi- 
mental laws, § 64, among which ai-c the law of Mariotte, 

pv = PaV„, (9G) 

uji'J that of Charles, 

i. = r„(i + «o. (or) 

usually called the law of Gay Lnssac. 

The results were presented to your attention as close approxi- 
mations to the real phenomena ; and the degree of the approxima^ 
tion was compared to that of elliptical planetary orbits, requiring 
only small corrections for perturbations. 

To justify this comparison, and let you judge of the probable 
exactness of conelnsions thus theorctieally demonstrated, it is well 
to prssent briefly the results of the most reliable experimental 
investigations. 

LAW OF MAEIOTTE. 

73. This fundamental law, sometimes called that of Boyle, 
was for nearly two centuries believed to be exact for all gases. 

Boyle and Muschenbroeck, however, had each been experi- 
mentally led to believe the compression of air less for high 
pressures than the law assumes; but Sulzer, in 1753, published 
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csperiments showing it to bo greater. K^bison, imagining tlie 
results of Snlzur to be due to condensation of liygrometric 
moisture, experimented upon moist air, air dried witti caustic 
lime, and air containing vapour of camplior, but found differences 
from the law of Mariotie eveji greater than those of Sulzer. 
Tlie following are his observations: 



1.000 1.000 

2.000 1.S57 

3.000 S.848 

4.000 3. 737 

5.500 4.930 

6.000 5.342 

■y-eso 6.490 

Without doubt, these very inacenrate results were caused by 
moisture, or other sources of error. 

In 1826, experiments made with improved instruments were 
published by Oersted and Swendsen, which seemed to show, 
though, not distinctly, a compression for air slightly gi-eater 
thin that cf the law of Maiiotte But for suljhurous acil tl ty 
f jund the comprebiBibihty fai greater than that of air 

It was discovered ly Faraday tliat chlorm bulphuroua acil 
and many other gases aie ImuLfaed bv pressure and cold \nd 
Dcipietz confitmed the e^peiiments ii Oentc 1 and 'iwend oi 
upon "ulphuron aeid ^hich h also ovtenlcd to ulphureft d 
hydrogen immonia and cyanogen proving them more compn 
sible than atmospheric air Bit be found th it Udrogen and \m 
d not difEer f i pressures bclo v 15 dtmoipheres tho i^h they 
appeared to diff r ab ve 20 atmi'spher a 

All doubt concemiDj, the exactness of the hw of Mmotte 
f r atmosph nc au SLCTied fimllj to b uompl teh di'-pelled h\ 
tho expenmcnti of DuloUp, and Aiaa;o made by request of the 



d by Google 



AIRS AND VAPOURS. lUl 

Academy of Sciences and published in 1839 ; their observations 
difEered from the theoretical values in no instance more than 
0.01, for pressures from 1 to 27 atmospheres; and the difiorences 
seemed purely accidental, following no law. Hence, they con- 
eluded that the law of Mariotte is perfectly exact for air and 
permanent gases, for all pressures below 37 atmospheres, and 
most probably also for those above that limit. 

It was the wish and intention of Arago and Dulong to have 
continued and extended their researches, but this was prevented. 
Pouillet, therefore, made experiments, the results of which were 
briefly given in his EUmens de Physique, and are as follow.^ : 
oxygen, nitrogen, hydrogen, and carbonic oxide follow the same 
law as atmospheric air up to 100 atmospheres ; sulphurous acid, 
ammonia, carbonic auid and the protoxide of nitrogen are mueli 
more compressible than atmospheric air; protocarhuretted and 
bicarburctted hydrogen, whieh at 10° C. are not lif^nefied by a 
pressure of 100 atmospheres, are sensibly more compressible 
than air. 

74. Such was the si&i^ of knowledge upon this subject 
before it was investigated by Eegnaulfc, clearly showing liqucfiable 
gases to be more compressible than air, but proving the law of 
Mariotte for the compression of permanent gases to be an approxi- 
mation so close as to have eluded all detection of difference by 
such skilfnl observers as Dulong, Arago and Ponillet. Conse- 
quently, our comparison with planetary orbits is fully justified; 
and any small differences wJiich exist may be properly considered 
perturbations. 

We shall not attempt to give a complete account of tlic 
researches of Eegnault; made with that extreme accuracy for 
which he was distinguished, they can only be appreciated by 
reading the original memoir published, in 1847, in the transactions 
of the Institute, t xs), p. 329. 
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The following abbreviated table presents his results for several 





IXABTI 


.O.CKO.™.«= 


«Ta..Es. 




Hydrogen. 


Nitrogm. 




a 


3.0008 ! 1.0004 


1.9995 


0.9993 


1.9975 


0.998783 


4 


4.0081 1.0015 


3.9918 


0.9979 


3.9860 


0.996490 


8 


8.0339 1.0043 


r.9641 


0.9955 


7.9457 


0.993213 


16 


16.1616 1.0101 


15.859? 


0.9913 


15.8045 


0.987780 



The third, fifth, and seventh vertical columns give the ratios of 
tie pressure, or elastic force, to the corresponding density. For 
atmospheric air, the maximum difference between the observed and 
theoretical results, or the deviation from the law of Mariotte, 
sensibly exceeds one per cent, and amounts to 0.0133 only under a 
compression of sistfien times the original density. Hydrogen pre- 
sents the singular phenomenon, that the ratio of the elasticity to 
the density increases with the pressure, while it diminishes for aiv 
and nitrogen. 

For carbonic acid, one of the readily liqnefiable gases, Eegnault 
obtained the following results: 



DENSITY 


,™».. 


.„„. 




™^. 


™. 


2 
4 


1.9839 
3.8969 


0.9915 
0.9742 


8 
16 


7.5193 
13.9267 


0.9399 
0.8704 1 



Hence it appears that carbonic acid deviates to the amount of 
0.13 from the law of Mariotte for a pressure of sixteen atmospheres, 
or more than three-fourths of one per cent for each atmosphere. 
Numerous observations for each of the above cases are recorded 
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ill the original memoir. They were all graphically represented by 
curves, and for each curve Eegnault has given a formula for the 
computiition of the elastic fores for any density, tlius enabling ns 
to correct for deviations from the law of Mariotte, whenever great 
precision is required. But for most practical purposes, sucli cor- 
rections are not necessary. 

To get the formula for atmospheric air, let m denote the 
density corresponding to any elastic force r, then will 



and for the law of Mariotte, their ratio is 



but if that law bo not exact for air, their ratio may be considered a 
parabolic function of {m — 1) and 



To determine the coefficients A and B, the values of m, or densities 
H and 16, give 

-- = 0.993313, — = 0.98778 ; 

from which Eegnault deduces 

log A = 3.0435130, 

log B = 5.3873750. 

Subsequently Eegna It obtained for other gases, when r is 

sensibly equal to tl e followiJig values of m divided by r, or 

of the ratio of the d ns t) to the corresponding pressure or 
elastic force: 
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pheric air . . 1,00315 

Kitrogen binoxide . . 1.00385 

Oxide carbonic - , - 1.00393 

Marsli gas - - - . - 1.00634 

Nitrogen protoxide . 1.00051 

Ail of tbpse gases, therefore, are more compressible tlian they 
should be according to the law of Mariottc, and those deviate 

from it most widely which ai'e readily liquefied. 



Acid liydrocblorie . 


. 1.00925 


" fiulphohydric . 


- 1.010S3 






Sulphurous a«id _ . 


_ 1.03333 


Cyanogen .... 


. 1.03353 



LAW OF CnAKLES. 

75. The law for tlie dilatation of gases, expressed by the 
formula 

is nsnally called the law of Gay Lussae; but the following criticism 
by Verdet, which we translate, shows conelusiTclj that it should 
be called the law of Charles: 

"The essential feature of tliia law, the approximate identity 
of the rate of dilatation « for all gases, and the consequent pj-o- 
portionality of such dilatations to temperatures indicated by an 
air thermometer made with any gsis, was demonstrated by Charles 
in a most simple manner. The reservoir of a barometer, filled 
with the gas, was sulijected successively to two temperatures, 
those of the room and of boiling water; and the rise of the 
mercury in the tube waa observed. For air, oxygen, nitrogen, 
hydrogen, and carbonic acid, Charles found the ascensions equal ; 
which was all that is necessary to establish the fact that the 
coefficient of dilatation of these gases is sensibly the same, 
although its value could not be thus determined with precision. 

"To this result, Gay Lussac, who reiTorts the experiments of 
Charles in his memoir (Ann. de Chim., t. xliii, p. 157), added 
scarcely anything, except a measurement of the coefficient of 
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dilatation erroneous to nearly ^. It may even be asserted that, 
in preesnting as an absolute law that whieli ia only an approxi- 
mate reiation, lie in a measure retarded tlie progress of science. 
According to Charles, the soluble gases are not dilated as much 
as air. It is not clear what gases arc designated by the term 
soluble; but it is quite probable tiiey may have been those upon 
which Gay Lussac saw fit to experiment, sulphurous and hydro- 
chloric acid ; and for which he announced the coefficient of 
expan'aon to be the same as that for air. It is now known to 
le difleunt to the amount of -5"^. On this important point, 
Charles has the ad\^ntage; and, however imperfect his method 
may appear, one that failed to show differences of -jij in ihe 
quanfitv to be meisured was not superior." 

Though thus cnticised, perhaps severely, the experiments of 
Gay Lub^ic, which attached bis name to the law, have the merit 
of bemg the first m nhich the attempt was made to determine 
with preeibion the coefficient of expansion for the different gases. 
And if ho faded it was not for want of skill or care, but chiefly 
becau'-e of two nndiseovered sources of error. At that day, it 
nas not known hoB t gas and the apparatus containing it can 
be perfectly dned ; moisture, therefore, remained ; which, when 
heated, became vapour and increased the apparent dOatation. Nor 
was it then suspected that a tube is so imperfectly closed by 
mercury that air can pass in or ont between the glass and 
the mercury. Gay Lossac used air thermometers, the tubes of 
which were stopped by short, moveable portions of mercury. 
After he had measured and obtained for air, oxygen, nitrogen, 
and hydrogen, between 0° and 100°, the same total dilatation, 
0.375, he even imagined that moisture might be a cause of 
error, and repeated his observations niion air dried by passing 
It into a thermometer through a chloride of calcium tube; finding 
again the same number 0.375, he no longer donbted the exactness 
of his measurements. And, for many years, they were received 
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with universal coiiiidoncL'. Moreover, tliey were believed to liave 
been coufirmeil by Daiton, and by Dulong and Petit in 1817; 
who, although they obtained for 100b the mean value 0.36(> 
between 0° and 300°, adopted without question the value of 
Oay Lu83ac 0.375, for temperatures below 100° Centigrade. 

The inaccuracy of the experiments oi! Gay Lussac was first 
maintained, in the year 1835, by Kudberg, professor in the Uni- 
versity of TJpsala, in Sweden. Ascribing it altogether to moisture, 
Eudberg undertook to determine the coefficient with air and 
apparatus perfectly dried. For this purpose, using air thermom- 
eters, as Gay Lussac had done, he, instead of sending the ah' only 
once through a chloride of calcium tube, caused it to pass in and 
out some fifty or sixty times, ^expelling it either by Jicat or by 
expansion produced by an air pump. He subsequently experi- 
mented by a different method, but the only feature peculiar in his 
researches was the extreme pains talcen to render both the air and 
tlie apparatus perfectly dry. The mean value given by his re- 
sults for 100« was 0.3G4G. To show the importance of getting 
entirely rid of moisture, Eudberg measured the coefficient for air 
without drying it, and obtained from one experiment 0.884, and 
from a second 0.3902 ; the same apparatus having been again 
thoroughly dried and then filled with dry air, gave 0.3C52 for the 
coefficient. These results were simultaneously confirmed, in 1841, 
by Magnus iu Berlin, and by Regnault in Paris ; the latter of whom 
then undertook the complete investigation of the dilatation of airs 
and vapours. 

76. We shall give only results and not attempt to describe 
cither the experiments' or apparatus of Regnault, referring, for 
such details to the original in the memoirs of the Institute, t. ssi ; 
it is sufficient to say they display extreme accuracy. 

If in the themiodynaraie equation for gases, 
j>V=p„Va(l + at), 
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the temperature be taken as the iudependent variable, then the 
coefficient « may he determined, either directly hy observing v 
under a constant pressure p, or by allowing only j) to vary with 
t ; in which latter case the values of v most bo calculated by tlie 
law of Mariotte. And if that law be not exact, then the values 
of a obtjined 1^ the tivo methods wdl diflci 

Eegnaalt expeiimentcd bj fiio diflfcrLnt methods, from the 
data of foui the cocfBcients of dilatation weie dtdnced from 
\anitions of da=tic force under nearly c instant volume; but 
in the fitlh the luriitions of volume under constant pnssure were 
directly observed. The following table gives the value of IOOk, 
or expansion from 0° to 100°, for the gases used: 





COSST.\KT VOLL-ME. 


CONSTANT PRKSSURE. 






0.3CG7 
0.3665 
0.3668 
0.3667 
0.3088 
0.3676 
0.3845 
0.3829 


0.3661 

0.3670 
0.3670 
0.3669 
0.3710 
0.3719 
0.3903 
0.3S77 


Atmospheric air . . 




Carbonic oxide - - 
acid . . - 
Protoxide of nitrogen 
Sulphurous acid . . 
Cyanogen . - _ ,_ 



i table shows that the coefficient « is greater for the more 
:es ; also that under constant pressure it is greater 
than under constant volume, except for hydrogen ; which is, it 
will be remembered, less compressible than the law of Mariotte 
requires. 



77. If in the expression for the law of Mariotte, 

pV =Phl\ =PiVi, 
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we suppose v to vary us a function of I, while p remains constiint, 
tiien 

pdv =: p^v,, a dt ; 

ill winch « is the coeflieient of espanaion nnder constant pressure. 
And \i we suppose p^ to vary with t while v, remains constant, 
then 

v^dp^ =p^v„a'dt; 

in which a is the coefficient of elastic force under constant 
voiume. Hence, by subtraction, 

pdv — v,dpi = paVo {a — a) dt; 
and integrating, 

pv — piVy = ptiVi, {a — a') i. 

If the law of Mariotte were exact, the first member o^ this eqwn- 
tion would be zero; consequently, the coefficients « and «' should 
be identical. But if the compressibility of the gas increase, or 
decrease, in a ratio greater than that law requires, then will a be 
greater or less than a'. We see, therefore, that the law of Mariott<3 
is a limit to which permanent gases tend to approach when highly 
rarefied ; and that the reason why the coefficient under constant 
volume, for iiydrogen, exceeds that under constant pressure, is 
because its resistance or elastic force, like that of a metallic spring, 
increases with compression, exceeding the ratio of the law of 
Mariotte; while all other gases act inversely, becoming more 
compressible the closer their particles are forced to approach 
each other. 



THE COEFFICIETUT « VARIES WITH THE PRESSURE, 

78. It was announced by Sir H. Davy, in the Philosophical 
Transactions for 1823, that he hsid found the coefficient « tlie 
same for air at densities varying in the ratios 1, 2, 3, 6, and VZ ; 
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a»cl other persons hiving f<. und that cccfficicnt the "^me toi an at 
%arions harometnt, preusure^ it was ^mcrilh hdicvuil to bo ludL 
pendent of pressure 

But all such espenments iteming to haie luen made luLli it 
sufficient precieiOD Ee^niult first c\iiiiinLd, the dilatation of iii 
of densities both ks-* and much greater than that of the atmoa- 
phenc pressure, and then estcndtd the mvebtigition to othci 
gases 

For atmosipheric air, the following are thi. Kauit? i i tlii 
coefficient of constant volume 



0.1444 

0.2294 
0.3501 
0.4930 
0.4937 



1.36482 
1.B651B 
1.36543 
1.36587 
1.36572 



1.0000 
3.2084 
2.2270 
2.8213 
4.8100 



1.30050 
1.367C0 
1.36800 
1.30894 
1.37091 



Hence it appears, that between the same limits of temperature, 
the expansion of air increases with the pressure or density. And 
fvir a change of density from 0.1444 to 4.81, that is to say, from 
1 to 33.3, the coefficient varied from 0.36483 to 0.37091. 

By the methods of constant volume, carbonic acid gave the 
following results : 



1.0000 
1.1879 



1.30850 
1.3G943 



2.2970 
4.7318 



1 + 100«' 



1.37523 
1.38598 



The coefficient, therefore, increases much more rapidly with 
the pressure than it does for atmospheric air. 
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For the cocEdcieiit of constant pressure cc, the following values 
ere obtained: 



„.„„...,.. ..». 


CA.BO. 




HTDBOUEK. ! 


Prr-mrc. 


1 + 100". 


Pre^ur. 


t + lOOa. 


Prea^re. 


1 + 100«. 


2535 


1.36:06 
l.;i6944 


reo""" 

2520 


1.37099 
1.38455 


700"™ 
2545 


1.36613 
1.3C616 



For hydrogen, the cosfiicient « does not, therefore, changa 
sensibly between the limits of one and four atmospheres; but it 
increases r?.pidly for atmospheric air, and still more so for carbonic 
acid. 

For the small change of pressure from 760""" to 9IjO'"", the 
coefiicient of sulphurou.s acid, between 0" and 100°, changed 
from 0.3902 to 0.3980; though the gas at 0°, and under the 
pressure 960"'"", is far from its point of liquefaetion. 

From the preceding data, Regnault drew the following con- 
clusions : 1°, for the same gas the coefficient of constant pressure 
is not the same as that calculated from variations of elastic force 
under constant volume ; 2°, tJie coefficients for different gases ai-e 
not equal, and the greater the pressure the more marked is this 
inequality ; 3°, air and all other gases, except hydrogen, have 
coefficients which increase with the pressure ;. 4°, as the coefficients 
of expansion of different gases approach nearer to equality 
when the pressure is diminished, the law of Charles, that all 
gases have the same coefficient, is a limit applicable to gases 
in a state of extreme dilatation ; but which differs the more 
from reality the denser the gas becomes under compression, or 
the nearer the molecules approach each other. 
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INFLUENCE OF TEMPERATURE UPON COMPRESS IBILITT. 

79. The resulta obtained by Kegnanlt for tlio compressibility 
of difEerent gases, 1 74, were from observatious made at tempera- 
tures varyiug from 2^ to 10° C ; and are, therefore, absolutely 
trne only ander such circumstances. 

Ill order that gases may obey the same law, both of compres- 
sion and dilatation, for all pressures and temperatures, it is 
requisite t!iat tbe ratio of their specific gi-avities or densities be 
constant for all such variations. To make this oyident, let w^ be 
the weight of any fixed volume of a gas at 0°, and u', that of 
an equal volume of atmospheric air at the same temperature, and 
let both he under the same barometric pressure p^; let also w 
and 6)' be their weights for the same volume under the pressure p 
and at the temperature t. Now, if they both vary by the same 
law, we shall have for the specific gravity of the gas obtained 
under these different circumstances, 

<^ _ IK^a _ (.Jo 



a constant quantity, whatever may be tlie value of n the common 
factor of variation. 

For carbonic acid, Eegnault found the following specific grav- 
ities or densities, at the temperatures 0° and 100°, and for 
bfu'ometric pressures below that of atmospheric weight ; 



^^. 


DENSITY AT 0°. 


™».™. 


DEKBITY AT 100'. 


mo~ 


1,52910 


TfiO""" 


1.5241S 


374.13 


1.53360 


383.39 


1.53410 


324.ir 


1.62145 
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To compare the compressibility of atmospheric air with the 
law of Mariotte by the same method, Reguanlt gives the following 
esperimental and calculated -weights for tho quantity of air con- 
tained in a globe at 0°, under different pressures: 





WEIOHT OF THE AIR IN THE GLOBE AT 0". 




masrced. 


Calcvlated. 


Differeu^c. 


313.35 

358.23 


5.0895 
5.2510 
6.0335 


5.0954 
5.2533 
6.0333 


0.0059 
0.0012 
0.0008 



The differences between the observed and the calculated weights 
for air are so small that Itcgnault considered them within the 
limits of error of observation. 

These experiments prove that carbonic acid deviates sensibly 
from the law of Mariotte at 0" C, even for pressures below that 
of the atmosphere; but follows that law at 100° C, as air and 
other permanent gases do, so closely that differences are only 
observable by methods of extreme precision. It is considered very 
probable that other liqueflablo gases behave as carbonic acid does 
when compressed at elevated temperatures, but the subject needs 
experimental investigation. 



80. The preceding facts show that gases may be divided into 
two classes : permanent gases, of which atmospheric air, oxygen, 
nitrogen, and hydrogen are the most important, and which all 
obey the laws of Mariotte and Charles so very closely that they 
may be assumed td do so exactly ; and liquefiable gases, whose 
compressibility increases rapidly with pressure; but at elevated 
temperatures, or when very highly rarefied, they also a[ipcar to 
follow the law of Mariotte without sensible deviation. 
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The peciiliar exception, wliich hydi-ogen presents, of a gas 
whose compressibility is less than that required by the law of 
Mariotte, renders it probable that, if the elastic force of other 
permanent gases be increased by elevating the temperatare until 
the coefficient of elastic force under constant volume becomes 
equal to that of dilatation under constant pressure, then such 
gases would follow the laws of Charles and Mariotte exactly ; but 
if the temperature be still further increased, then the difference 
(« — «') would become negative, as it is for hydrogen, and they 
too would deviate from that law in the opposite direction. The 
fnndamental law for perfect gases, given by the equation 

pi'—p„V;t{l + af) = 0, 

may, therefore, be properly considered as the expression of a 
physical state, or Umit, to which gases approach more or less 
closely, according to the values of the independent variables j) 
and /, and to that of a, which depends upon the natnre of the 
substance as well as upon the pressure. 



HTPOTHETICAL LAW OF ILVNKIITE, 

81. As the law of Mariotte does not express exactly the com- 
pressibility of any existing gas, it is natural to seek some other 
formula which would be more correct. In the present state of 
physical knowledge, it does not appear possible to find one more 
satisfactoiy, for the data are very incomplete. Moreover, if we 
express by the function 

*(y,,.,()=*?!-l, 

the deviation of any gas from the law of Mariotte, which deviation 
should be zero if that law were exact, then, as the experiments 
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of Itegnaiilt show this fanetiou to depend upon the temperatare, 
tlie initial pressure, tUe variation of the pressure and the nature of 
the substance, it is improtiable that the true function can be of 
simple form ; or that it would be as convenient as the law of 
Mariotte ; which is sufficiently exact for practical uses, and may 
be considered approximate in nice theoretical investigatiojis, 

As tlie absolute temperature ' is equal to (« + /), and r, is 
equal fo a when i becomes zero, the general formula 

pv —pnVo(l + ai)=Q 

may be put under the form 

a remarkably simple form of the equation for the law of Ciiarles 
and Mariotte, which may be thus enunciated, the energy of a 
perfect gas is proportional to the absoluts temperature. 

From this expression and " the hypothesis of molecxtlar vor- 
tices," Rankinc has obtained, for the expansion and elasticity 
of gaseSj the formula 



pv 



B 



~ etc.; 



which agrees with the experiments of EeguauU, and in which 
A, B, C are functions of the density to be determined experi- 
mentally. (See Rankins on Steam-engines, p. 229, 3d edition.) 
This equation, regarded as merely an empirical formula, may 
sometimes be useful ; but the hypothesis of molecular vortices 
is not an accepted part of positive science. 
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ACCOEDANCE OF AIR TnEEMOMETEES. 

83. The variation of fclie coefficient «, uot onl\ iir thfltitut 
gases, but also for the same gas under different pre^suie" 
suggests tlie very important qiiestioii, whetlicr or not temjjeraturts 
observed witli air thermometers made of several gaieu oi ol 
atmospheric air of variable density, are compaiibl" and exact 
This question was fully investigated and settled b\ Rognauit i\lio 
arrived experimentally at the following conclusicns 

1°, atmospheric air follows the same law of expansion from 0" 
to 350°. oven when its initial elastic force varies from 0,4 to 
1.3 metres at 0° ; and consequently, air thermometers are com- 
parable, giving the same indications whatever may be the density 
of the air with which they are filled ; 

"i", atmospheric air, hydrogen and carbonic acid obey, between 
0° and 350°, sensibly the same law of expansion, though their 
coefficients are quite difierent ; hence thermometers constructed 
with thes3 several gases accord with each other, provided the 
temperatures are computed with the coefficient proper to each gas ; 

3°, sulphurous acid deviates from the law of dilatation of 
the preceding gases. Its coefficient of expansion diminishes with 
the temperature indicated by an air thermometer. Above lUt>° 
the sulphurous acid thermometer gives indications which are 
too small, and the deficiency increases regularly with the tempei-a- 
ture. Thermometers made with this gas won]d, therefore, be 
incorrect 

The mean coefficient of expansion for sulphurous acid dimin- 
ishes in a marked manner with the temperature, indicated by 
tlie air thermometer. Tlius from 0° to 100° it was found to be 
0.003S35, between 0° and 186° it was 0.003800, and between 0° and 
300° it became 0.00379. 
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From tliis action of sulphurous acid antl the very rapid increase 
of its coefficient with its density, I{j.'giiuult was led to infer that 
most vapours have coefficients Tcry different from that of air when 
near their points of liquefaction ; conaequentiy, under the circum- 
stances in which tliey are placed for the experimental determination 
of their densities. 



EXPANSION OF TAPOrRS. 

83. Our knowledge of the expansion of steam and other 
Tapours is exceedingly imperfect. It ia customary to apply to 
them the laws of Charles and Mariotte and the coefficient « of the 
l)ermanent gases, but such a practice is quite erroneous. 

In 1852, Mr. Siemens published experiments on steam, giving 
the mean coefficient of expansion 0.00693 near the point of ebulli- 
tion, and a diminishing rate with increase of temperatnre. 

Subsequently, Messrs, Fairbairn and Tate obtained results, 
which were communicated to the Eoyal Society and briefly given 
in the Lond. and Ed. Phil. Mag., voL xsi, 1861, from which they 
drew the following conclusions: 

1°, that the density of saturated steam at al! temperatures, 
above as well as below 100° C, is invariably greater than that 
derived from the laws of perfect gases ; 

2°, that the rate of expansion of superheated steam greatly 
exceeds that of air for temperatures near the point of saturation ; 
whereas at higher temperatures the rate of expansion approaches 
that of air and perfect gases. Thus between 80° and 83°, the 
coefficient for steam saturated at 80° was fonnd to be three times 
that of air; but at 90° it was nearly the same as that of air. 

Messrs. rairbaim and Tate proposed to extend and complete 
these experiments. But if this purpose was ever carried into 
effect, I am not aware that tlie results have been published. 

The expansion of superheated steam has since been investigated 
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experimentally by Him, yet without results which can ho regai-ded 
as fiuai and perfectly esitisfactory. 

The deusity of a vapour is independent of its temperature only 
when its coefficient of expansion is the same as that of aii\ 
M, Cahonrs has drawn the attention of chemists to this fact; 
which is very important in calculations of tlie atomic weights 
of volatile suhstanccs from their densities. Acetic acid (crystallized), 
which boils at 120", has the following densities; 

at 134% 3.198; at 140°, 2.898; at 190°, 2.378; 
" 240°, 3.0!) ; " 295°, 3.08 ; " 337°, y.08. 

It is only, therefore, to this final or limit density 2.08, that the 
theoretical formulas apply. Other vapours act similarly. 
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CHAPTER VI. 

INTERNAL ENERGY. 
FIRST FUNDAMENTAL LAW. 

84. The proposition, that heat is mechanical energy, is very 
properly called the first fundamental law of therraodynamics ; and 
the equation 

EQ=-S.fPdp, 

ill which E. the coefficient of Joule, is eqna! to 495, not only 
expresses the law, hut determines the amount of work equivalent to 
any given number of thermal units. 

We have seen that for hydrogen, oxygen, and atmospheric air, 
tiie laws of Mariotte and Charles enable us to calculate B and give 
for it the value 425, agreeing very closely with that of the experi- 
ments ot Joule, and confirmed by the working results of engines 
measured by Hirn. Various experiments made by others all tend 
to verify the accuracy of this value obtained by Joule. 

But it may readily be demonstrated that .£■ is a constant of 
nature, for which the same ^aluo must necessarily be found what- 
ever be the method of determination. 

For this purpose, let q be the heat of friction which can be 
produced by iv a given amount of work. If now this heat be 
reconverted into work, in any engine, it wiU reproduce the work 

»• = £«; 

for if uot, then let it produce more or less, expressed by 

„{i±i). 
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Tliia amoniit of work will prodiicc by friction a quantity of heat j', 
determiued by 

w (1 ± &) = Eq'. 

Isow, bj proportion, r/ conrerted into work in the same engine 
gives 

w (1 ± ky ; 

and similarly will this give q", which in the engine will produce 

»(i±if. 

Thus successively and indefinitely will be obtained q', q", q'", etc., 
giving w (1 ± ky, w (1 ± hf, w {I ± hf, etc. 

Ilencs, if for the supposed variation k the positive sign be 
taken, the amount of work will increase with each successive 
transformation of the original amount of energy, or perpetual 
motion will be reahzed. But, i£ the negative sign of k be taken, 
then enei^ is annihilated, or unresisted motion is destroyed; 
which is contrary to the law of inertia and not less improbable 
than perpetual motion itself. 

It is, tlierefore, evident that the law of Joule is one of those 
grand laws of nature which are true in all their applications. 

SECOND LAW OF JOtTLE. 

85. As thermal action divides itself into internal work, poten- 
tial and kiuetic, U, and sensible or external work, 8, we have for 
it the expression 

^fPdp=U+ S, 

dQ = AdU+ Apdv. 

The necessity of eliminating, or determining, the internal work XT 
in thermodynamic investigations is evident from these eiiuations; 
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and the difficulty oi doing so in many cases, see | 54, has already 
been remarked upon. 

Differeiitiating V in the last equation, as a function of v and /, 
we have generally 

dQ = A i^^^dt + ^d,) + Apdv. (101) 

Now, for permanent, and consequently for perfect gases, Jonle 
proved experimentally that C" is a function of t only ; and there- 
fore it does not vary with v; an important law, which shows for 
such gases that the difEerential of Z7as a function of v is zero; and 
this reduces the last equation to the simpler form 

at 

by comparing which with the general formnla 

dQ = cdt + Idv, 

we obtain, for gases obeying this second law of Joule, the con- 
sequences, 

U~ Ed; 1 = Ap ; 

which may be enunciated thns: the infernal energy of a permanent 
or perfect gas is a simple function of the tetnperature ; and ilti 
latent heat of expansion is directly proportional to the normal 
pressure. 

Moreover, when there is no external work done by the expand- 
ing gas, p is zero, and integrating between limits, 

Q-Q„ = c{t-i<,), 
U—L\ = Ec{t — t„); 

equations of fundamental importance, as we have already seen, 
§ 70, for they prove that only air thermomef«rs give indications 
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of temperature proportional to variations of the quantity of heat 
or internal energy : and they should, therefore, be used aa standards 
for all exact thermometric observations. 

As Eegnault has shown that e, the specific lieat of constant 
volume, is a constant for each permanent gas, it follows from the 
second law of Jonle, that thermometers made of different gases 
should indicate the same temperatures, as Eegnault has proved 
experimentally, | 82 ; for two gases such as hydrogen and air 

indicating for a given change of lieat the same variation of tem- 
perature (t — te) ', the only difference being, that linear spaces, 
graduated into the same numter of degrees on the two instni- 
ments, vary for the unit of volume in the ratio of c to c,, or 
inversely as the specific heats of the two gases. 

The second law of JouJe, expressed by the formula 

U — fJ„ = Ee {t ~ U), 

is thus enunciated, the internal energy of a gas is a function of 
the temperature only. It, therefore, does not vary with density 
or specific volume ; and it is of such interest and importance 
that it will be well to give attention to the experiments by 
which Joule established thi*! second law. They are also very 
instructive, for they show clearly the requisites to he attended 
to in such investigations. 

86. If a gas expand without being subjected to external 
pressure, p is zero and 

Q = AU; 
whence by differentiating 

dQ = A[-^^dt + ^dv]. 
6 

HnstedbyGoOgle 
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In this, the first member expresses the quantity of heat requisite 
to the elementary ehange of internal state under such circum- 
stances. If now the changes of temperature which take place in 
the gas be compensatory, or if mere interchanges of heat occur 
between different portions, then will there be no heat given to, 
or absorbed from, surrounding bodies ; Q and t will be constant and 



dIJ_ 

dv ~ 



{102) 



or tlie internal encrgj- of the expanding gas is independent of 
its volume, and is a function of its temperature only. 

To subject this theoretical deduction to experimental investi- 
gation Joule contrived the following experiment. Two metallie 
vessels of equal size ^ere connected by a tube provided with a 
stop-coek ; one of them contained air compressed to 3"i atmo'<- 
pheres, in the other was as perfect a vacuum as it was possible 
to produce. When the stop-cock was opened the compressed 
air from the first vessel flowed into the second, doubling its 
volume without doing any external work ; and the entire apparatus 
being immersed m water, the quantity of which was reduced as 
much as possible, it was found that the most delicate thermometer 
did not indicate any variation of temperature in the enveloping 
water. The experiment was then varied by immersing each vessel 
separately ; the eom]^ressed air. communicating in its expansion 
sensible motion to its particles, does so at the expense of its 
internal energy and with consequent reduction of temperature*, 
which is experimentally rendered manifest by immersing it alone ; 
and the air flowing into the second vessel loses its motion, 
changing kinetic into internal energy with corresponding 
elevation of temperature. The change of temperature and 
energy in one vessel is equivalent hut opposite to that in the 
other, and their eura is consequently zero. These experiments 
of Joule prove that internal energy is independent of volume; 
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and were the methods sufficiently delicate, they would have left 
nothing to be desired relatively to the esactness of the law, 
c^peciully when carefully repeated and verified by an observer bo 
skilled as Eegnault ; who was led by them to adopt the dynamical 
theory of heat. 

But the quantity of water required to envelope the apparatus 
was so large, that it may be shown to have been impossible to 
have detected a change of temperature in the air subjected to 
experiment to the extent of one degree. It was, therefore, 
necessary to contrive a much more delicate method of investi- 
gation, ill order to determine whether the law is rigorously true 
for any gas, and whether permanent gases obey it alike; or 
whether, as in the ease of the laws of Charles and Mariotte, 
this second law of Joule is only a limit for theoretically perfect 
gases, to which permanent gases tend to approximate in changes 
of energy. 

87, Such a method was contrived by Sir W.Thomson, and 
the investigation was then continued by him and Joule jointly. It 
is evidently necessary to measure the change of temperature 
of the gas itself, in order to get rid of the coucealing influence 
exerted by the large quantity of water. This was simply done 
by obstructing the flow of a current of gas through a long pipe, 
by means of a porous plug ; the effect of which obstruction 
would be to cause on one side of the plug condensation, and 
on the other side expansion ; delicate thermometers show whether 
the temperature of the gas is changed by the operation. If the 
gas were perfect, obeying exactly the law of Mariotte, 

pv — poi\ = 

should be the variation of energy when the compressed gas passes 
from the pressure p on one side of the plug into the part of the 
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tube communicating with the atmosphere under the diminished 
pressure pa on the otlier side. 

But if the gas does not obey that law, then will 

lhi\ — pv — 6S; 
or 

d'Q = A6S =^ A{p„v„ —pv) 

will be the expression for the quantity of heat absorbed in the 
change of volume due to the escape of the gas into the air. 
And if the internal work caused by compression and expansion 
in passing through the ].x)rous plug be nothing, then should thorc 
bo no change of temperature. 

But if this be not rigorously true for the gas operated upon. 

6"Q= A5U 

will express the quantity of heat requisite to this internal change. 
Substituting these values in equation (56), we obtain 

SQ^6'Q + 6''Q = AS{U+S), 

for the variation of heat measured in thermal units, which tlie 
thermometers should indicate. 

The esperintents showed for hydrogen a thermal variation 
which was scarcely appreciable, a very small change for atmos- 
pheric air, but a very considerable reduction of temperature for 
carbonic acid. 

They gave the general result, that for each gas the ratio of the 
reduction of temperature to the difference of pressures is a constant 
factor, 

t-h = a{p—p„); 

henee, if we denote by c the specific heat of the gas, 

6Q^c{t~U) = ac{p-p,); 
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and 

SV= Eac{p —pt,) + pv ~pii\. 

For aa elementary variation of the normal pressure and volume 

^ = ^0 + (5p, JJ = f„ — 6v ; 

uud by equation (98), the formula of Eegnault, 

pv —paV(, ^ptVa-A' I— — l) + etc. 

From these eijuations, omitting infinitesimals of the second order, 
we obtain 

p,A'dv=p,vw{^-A', 
Imt 

pv — PoVa = Vo Sp — Pa ^V, 

and therefore, 

etp = (l + A)^dv. 

Hence, by substitution, 

(5^"= EacSp + p^A' 6v; 
which becomes 

6V = Eac (1 + A') ^^v + A'p„6v. 

But in this equation the common factor of the second member, 
p^iv, is the variation of external work. Dividing by it, we get for 
the ratio of the change of internal energy to that of external work, 

an expression in which all the quantities in the second member 
have been experimentally determined ; c by the velocity of sound ; 
A' and v„ by Regnault ; and a and E by Joule and Thomson for 
)heric air, hydrogen, and carbonic acid. 
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These fhrea gases gave tlie following values of the mtio iJ 
internal to fxtemal work: 

Atmosplierie air ... . 0.0030 

Ilydrogou 0.0008 

Carbonic; acid 0.0080 

Hence, we sec that when air at the usual barometric pressure 
expands slightly, the internal work is only 0.002 of the external. 
While for liydrogen it is but two-fifths of that amount, and in fact 
scarcely appreciable. But for carbonic acid, a liquefiable gas, it is 
foui' times greater than for air, and amounts to nearly one per cent. 
The effect of elevated temperature was ascertained for air and 
carbonic acid, and found to be a great diminution of the constant 
a, or of the rate of cooling to variation of pressure on the different 
sides of the porous plug. For air, at temperatures of 15" to 30" 
centigrade, the mean value of the rate n was 0.262; but at !)1°.5 
it was only 0.20G ; for carbonic acid at 20° it was l.lol ; and 
at 91°.5 it was reduced to 0.703; comparing these numbers, wo 
see that for cai'bonic acid the rafo reduces from five to three 
and a half times that of air ; thus again manifesting its tendency 
to approach at high temperatures to the character of a perma- 
nent gas. 

88. From the above, it is evident that the second law of 
Joule, like those of Mariotte and Charles, constitutes a limit 
to which the action of real gases tends to approach when they 
arc highly rarefied ; and it is rigorously true only for a theoretically 
perfect gas. 

To comprehend fully its meaning, the analysis of the total 
action of Jieat npon an expanding body, already given in § 49, 
must be borne in mind. That action divides itself into three 
distinct effects: 1°, change of temperature, rendering the body 
hotter; 3°, change of internal molecular structure, or variation 
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of the poteiitial of molecular action, which may he called internal 
work; 3°, external work upon the en\eloping surface, or vessel, 
iis that upon a piston pushed hj atcum, or hy expanding air. 
in the cylinder of an engine. For an elementary thermal change, 
the last of these three effects i'< expressed by pdv; and the lirst 
is denoted by cdt in the formula 

dQ = cdt + Idv, 

or by the first term of the second member of the equation 

It is, therefore, only the second term of the last member of this 
expression, denoting internal work done against cohesion or 
molecular action, which Joule found to be insensible by his 
first method of experiment; and which the far superior method 
of the porous ping proves to bo very small, though not inappre- 
ciable for air and hydrogen, but quite large for carbonic acid. 

Hence it appears that molecular attraction, or the force of 
cohesion, must be very small in permanent gases, but is quite 
sensible in a liquefiable gas, such as carbonic acid, and should 
be nothing for the perfectly gaseous state. 

From the equations just used and the second law of Joule, 
we have already deduced equations (78) for perfect gases, 

cdt = Ad U ; I ■= Ap ; 

the last being a very simple relation between the mechanical 
e(]uivalent of lieat, the latent heat of expansion and the pressure, 
from which any one of these three quantities may be determined 
when the other two are known. 
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By snbstitutiEg for I its value Ap, and for dt its equivaJent (h, 
the variation of absolute temperature, § 71, we have 

(IQ = cdT -i- Apdv. (103) 

At the absolute zero of heat, both dQ and crfr are nothing ; and 
therefore p is so also. Consequently, at that zero, a perfect 
gas would be without esternal pressure, without interna! motion 
or temperature, and without molecular attraction or repulsion ; 
or it would be in a state of utter dynamic inaction and indiffer- 
ence, both within itself, and relatively to an enveloping surface. 



LAW Of DULONG AND PETIT. 

89. The laws of Charles and Mariotte and the second law 
of Jonle being for real gases only limits, or approximations, the 
question naturally arises, whether the two remaining experimental 
postulates, from which we have deduced the properties of the 
perfectly gaseous state, are more rigorously tme; or whether 
they too need to be corrected for perturbations when applied 
to gases. 

To the analyses chiefly of Berzelius we owe the establishment 
of the great fundamental law of chemistry, that bodies combine in 
definite proportions by weight; and to Gay Lussac the equally 
simple law, that gases unite by volames which are in very simple 
ratios to each other; water, for example, being composed of one 
volume of oxygen and tivo of hydrogen, and nitric acid consisting 
of hvo volumes of nitrogen united with jive of oxygen. 

The postulate that the product of the density by the specific 
heat of a gas is constant, see equation (83), is a consequence of 
the laws of Berzelius and Gay Lussac, coupled with the discovery 
of Dulong and Petit, that the product of tlie specific heat of 
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bodies by their chemical combining proportions, or equiialeuts 
by weight, is constant for those of like composition. For if 
gases unite by volume, their combining weights are proportional 
to their density or specific gravity. Hence, in chemical reseai-ches, 
tlie combining proportions of gases and vapours are often calculated 
from their densities. 

The usnal enunciation of the law of Dnlong and Petit is 
that the product of the atomic weight by the specific heat la 
constant for like chemical substances; but the nse of the term 
rt/omic weigltt involves the hypothesis of combination by atoms. 
Whatever may be the probability, or improbability, of that hypoth- 
esis, we carefully avoid it, in pursuance of the purpose to esclude 
from consideration, in discussing the subject of thermodynamics 
as an exact science, everything purely hypothetical; so that it 
may cariy to your minds the full conviction of necessary truth 
which on!y absolute demonstration commands. And this we do 
the more willingly inasmuch as chemical analyses prove the law 
of definite combining proportions most positively, thereby render- 
ing the atomic hypothesis of Dalton unnecessary to our purposes, 
if not even to chemistry itself, and reducing it to the minor 
importance of bemg onh an mgtnious spetuldtion iis'tul to 
tdcihtate by simplifying conceptions of chemical science 

The question of the exactne«t> of the law of Dnlong md Petit 
lesolves itself into that of the probable enor of mLaiurcmcnts 
of density and specific heat The requisite manipulations are com- 
jilex and dithcult tending to increase limits of error \nd tlity 
ire not reliable beyond the third place of decimals Constquentlv, 
ne may justiv conclude thit m determinations of density and 
specific heit the probable error must hi, such as to rendei un( citiiii 
the third place of decimilh 

With these remarks, we submit the following results of 
Kegnault : 



d by Google 



MECHANICAL THEORY OP HEAT. 





d 


e 


cd 


Atmospheric air 
Hydrogen . . 




1.0000 
0.0693 
0.9713 
0.9f!74 
1.5290 
2^470 
2.4400 


0.2375 
3.4090 
0.2440 
0.2450 
0.2164 
0.1553 
0.1214 


0.2375 
0.2300 
0.2370 


Carbonic oxide 
Carbonic acid . 
Sulphurous acid 




0.2370 
0.3308 
0.3489 







In this table d denotes the density, c tlie specific heat, and c'd 
their product. It is evident, that while c'd is constant for 
permanent gases which follow the law of Mariotte closely, such 
is not tliG case for vapours and liquefiable gases. 

90. We have stated, § 53, that for solids and liquids the 
capacity, or specific heat, is a function of the temperature. But 
for permanent gases, Regnault found the specific heat constant 
at all temperatures and densities. For atmospheric air and 
carbonic acid, he obtained the following data : 





n^ 




Tein^erat/ire. 


ajwdij. 


Temperatwe. 


Ciipadty. 1 


rrom-30"to+10° 
to 300° 
to 300° 


0.23771 
0.33741 
0.23751 


From— 30° to +10° 
10" to 100° 
10° to 200° 


0.18427 
0.20246 
0.2169^ 



Other gases were experimented upon with like results. Under 
pressures varying from one to ten atmospheres, Eegnanlt could 
not find any appreciable change iu the capacity of air or of othtu- 
permanent gases; nor did that of carbonic acid vary with like 
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changes of presSEie; though it iiici^asos rapidly with the 
temperatEre. 

In measurements of capacity, or specific heat, that for air 0,23?^) 
is the qnantity of heat in calories necessary to raise the tempera- 
ture of a kilogramme of air, under constant pressure, through 
one degree centigrade ; the specific lieat, or capacity, of water 
being the thermal unit. 

91. From these experiments, it follows that the permanent 
gases are all equally adapted to exact measurements of tempera- 
ture, comparable with those of thermometers made of atmospheric 
air; for they all obey closely the law of Mariotte, have nearly 
the same coefficient of dilatation, and their specific heat, or the 
quantity requisite to produce a variation of one degree of tempera- 
ture, ia independent of pressure and temperature for each and 
all of them. But they arc the only substances which possess 
such properties ; the liqnefiable gases and all soUds and liquids 
have specific lieats which increase i-apidly with temperature and 
ai-e not proportional to their expansion. Thus for mercury, 
according to Eegnault, the specific -heat is 0.029 between 15° 
and 20° ; but only 0.023 from 10° to 15° ; while for alcohol the 
specific heat is 0.615 from 20° to 15°; O.C02 between 15° and 10° ; 
and 0.59C from 10° to 5°. It is, therefore, only for the permanent 
gases, that such an equation as (93) can he applicable ; or that 
heat absorbed is not rendered partly latent by the internal work 
of changing the potential of molecular action. In other words, 
it is only for them that 

dv 
and that the second member of the equation 
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redncos to the simpler forai 

dQ = cdt +Apdv ; 

in wliicli c is constant for each gas ; giving therefore, ivhen 
tiierc is no external work, the equation 

Q-Q, = c{t-Q, 

as the law of exact therm o metric measurements. 

CONCLUSIONS. 

02 We hare now eximined carefully eaj3h of the foni 
fmUmental j jstulates or cxpLnmpntal law= a turned m g bi 
I tii3bc of the perfectly go. eo is state t! ey dehne that state and 
1 t a delice fiom it simple thermodynamic, theorem' which 
tie m>re jermanent gases bey hO closelj thit the diffeienccs 
either fall within the 1 m ts of proh'ible errors of oliaeiTatiou 
01 are so small thit tlicy miy bo neglected Those laws arc 
t! erefore approximation nl ich fn prictical purpo«ca may lo 
legarded is sufficiently e\act expies^ on of actuil phet omena 

In case of hjdiogen we liaye seen that while it ohejs tl c 
last thiee postulates so eloselj thit it \s impossible to detect an^ 
difterence thit may not be considered neghgeable this gas i 
■11 t!i respect to the liws of Charles and Alirotte (to use an 
expression of Eegnault) eien more thai perfect for its elasti 
f ICO increases with pressure while all othei gases become m it 
c impress Up anl its coefficient of dilatat on foi constant volume 
is greatet than thit tir constant jiessure but for othei gases 
it Vi less. If the? therefore Ml short of the law hydrogen 
exceeds it. Hence we may considei', with rigorous exactness, the 
equation 

pv=p^v^{i-\. ut) 
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as the expressioQ of an intermediate state between liydrogcii 
and the other gases, to which thej all tend to approach ns 
to a limit. 

Moreover, when the liquefiable gases expand with licat, or by 
removal of pressure, they approxiraaty in their changes to the 
condition of the permanent gases, and consequently to tlje per- 
fectly gaseous state. 

93. For thermal transformations of gases, we have compai-ed 
deviations from the laws of Charles and Mariotte to perturbations 
of theoretically elliptical orbits of planets. ' With equal fitness 
have we also compared a perfect gas to the simple pendulum 
in mechanics; an imaginary thing, for it is impracticable to 
realize the conditions of its definition, that it vibrate without 
any resistance in arcs which must be considered cycloidal or 
infinitesimal ; yet, it gives us a simplified equation fram which 
we deduce readily, for vibratory motions, laws which we can 
generally use as sufficient approximations in practical problems; 
instead of the more complicated formiilas of a real compound 
pendulum vibrating in a resisting mediiim. 

94. But the justification of our employment of the fiction 
of a perfect gas as the means of getting simplified approximate 
laws for i-eal gases, must be put upon higher ground than mere 
comparison with the successful practice of astronomy, or with 
examples in rational mechanics. There is not, in fact, any 
problem in physical mechanics, however simple we may imagine 
it, which admits of solution in any other manner than by suc- 
cessive approximations ; rendered closer by corrections for residual 
phenomena, as Herschel has called them, or facts not taken into 
account in the first and simpler determination of the principal 
term or terms of the series. In applying the mechanical theorv 
of heat, or any other, such as that of Fresnel for light, to actua: 
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jjlienomena, we are, therefore, compelled to content ourselves 
(vith approximations; anil such must necessarily be the case 
independently of what may be the nature of tlie phenomena 
investigated. 

If we knew the laws of the internal forces of matter, and those 
of its molecular structure, it might be possible to give a complete 
solution of the problem, of tlie effects produced by external forces. 
Unfortunately, upon this subjective i now actually nothing; and 
if we would avoid errors into which we are led by substituting 
conjecture for knowledge, we must eliminate from our equations, 
rather than attempt to determine, terms which depend upon 
internal molecular action, which is so inscrutably concealed 
from observation. 

95. These truths and considerations lie at the very foundation, 
not only of the study of heat, but also of that division of dynamics 
into rational and applied mechanics with which you are familiar. 
A division of the subject in fact into two sciences, — one purely 
rational, or abstract, an analytical geometry of four dimensions 
with time and the current co-ordinatea of space for variables; 
and in which the bodies supposed to move are mere fictions, 
endowed with such properties only as would cause their principal 
motions to agree with those observed in the material world around 
us; the other, a seioneo of application, entirely physical, rejecting 
fiction and hypothesis, absolutely real, positive and practical; 
the knowledge of the material creation as it actually exists, in 
so far as it is possible for such knowledge to be discovered 
and comprehended by man. In every problem of physical 
mechanics, only partial and imperfect solutions are possible ; 
not of choice, therefore, but of necessity, are planetary motions 
divided into elliptieal revolutions and residual perturbations. Kor 
is it for mere simplicity and convenience, or in indulgence of 
fancy, that we begio the investigation of thermodynamic trans- 
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formations by detemiining those of a theoretically perfect state, 
defined as this state has been by the laws of Charles and Muriotte ; 
inductions which the real gases obey quite as closely as do planets 
move in elliptical orbits, or as machines do ever move without 
friction. 

The full force of these remarks, and the true nature of 
thermodynamic as well as aU other physic o-mathematieal ques- 
tions, may be rendered clear by an example, and we select 
for the purpose the accurate weighing of any body. Nothing 
seems simpler at first, for we have only to use a good balance 
and set of weights, and counterpoise the body with such of 
the weights as will put the whole system into equilibrium. The 
case is that of a lever with apparently equal arms and equal 
weights ; and for most practical purposes, this first approximation 
is a sufBcicnt solution of the problem, giving at once 



in which m is the body, w the counterpoise weight, and r, r, 
the lever arms. 

But no heed has been paid to moisture, or other adhering 
matter. If we attempt to remove this by wiping, the body will 
be electrified, and may be attracted by other adjacent substances. 

Then the apparent weight must be corrected for atmospheric 
buoyancy; w is not the true weight of m; and we must add 
a term 3 for buoj'ancy, giving 

m = ^u + |3 + etc. ; 

in which j3 is to be ascertained by obtaining the apcciiic gravity 
of air under the particular barometric pressure, temperature and 
degree of moisture, at the time and place of weighing m, and the 
difference of volume of m and w at the same temperature, 
IJenoting the specific gravity of the air by a, we have 
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w = w + a{v ~ v') + etc. 

To ascertain the valuee of a and of v and v', we must solve 
problems equally if not more diffleiilt than that of weighing m, and 
requiring corrections. Thus rapidly does the question grow com- 
plicated. 

But snppose the correction for buoyancy made, either approxi- 
mately or exactly, if to do so exactly were possible ; how are we tu 
know that the weight w is not false, otherwise than by comparing 
it exactly with a trae standard, or know this stani3ard it> he trne. 
except by proving it so by complex investigations? Assuming this 
error of to ascertained, we must correct both tif and /J for it, giring 

m=iw + p + >S{w + p) + etc. 

TJius far the balance has been supposed perfect and its leiti irms 
exactly equal, conditions which are neither of them po^aibk \ll 
the imperfections of the balance must, theiefoic be determined, 
as well as the difference rf itb k^er irm<! at the time of weighing 
m; and for these corrections must le ipplied Si. by successive 
approximations, we arrive moie and m il closely at the piobable 
weight of the body, determining the principal tmns which are to 
be added in the second member of our expression 

Finally, after having made all possible correctien we reach the 
question of errors of observation, errors of dynamic change of 
temperature, volume and moisture, during the time of the experi- 
mental investigation, instrumental errors that cannot be ascertained, 
etc., etc., and must then content ourselves with simply determining 
the Umii of probable error, or degree of the approximation in the 
obtained result. 
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CHAPTER VII. 

AIR ENOISES. 
ELIMINATION OF iSTERNAL ENERGY. 

96. We have already remarked tliat, in thermodynamic 
iiivestigatioDs, oiu" ignorance of the internal energy and nature 
of bodies presents a difficulty so great tliat, unless there were 
some mode of eliminating it, it would be quite insurmountable. 

Sadi Carnot first showed that, to overcome this difficulty, 
it is necessary that the body, or system, return by any series 
of changes back to its primitive stat«. 

The first fundamental law gives, for a body expanding by heat 
between the states (1) and (2), tbe equation 

B(Q, - (?,) = E7, - F, + fjpdv. 

But should the body pass by any cycle, from the state (1) back 
to the same initial state (1), then will 



E{Q,~Q,)=f'pdv; 



(104) 



or the variation of heat will be entirely converted into external 
work; the internal work being completely eliminated, or com- 
pensated, for 

U,- U,= U, — U, = 0. 

And tlijs is evidently true for all substances, as well as for all 
cycles. 

Such, therefore, is the simple condition, by the fulfilment 
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of which internal \vorb or energy may be eliminated and thermo- 
dynamic transformations become measumblo by external work 
alone. 

In steam-engines, the operations consist of a perpetnally 
I'ecurring cycle of precisely similar positions, states and tempera- 
tures; they, therefore, evidently fulfil the condition of Camot, 
and equation (104) is directly applicable to them. 

watt's IKDICATOlt AND CLAPEYKOX's DIAGRAM OF EiJEEGT. 

97. Of the many valuable contrivances relating to the steam- 
engine, for which the world is indebted to the inventive genius of 
James Watt, one of the most simple and beautiful is his indicator ; 
a little instrument, by which an engine is made to furnish a 
drawing of its own work, or graphically to intsgrate equation (104). 
This indicator, attached usually to the working cylinder, consists 
of a small cylinder and piston, to the rod of which is fastened ii 
licncil, moveable by the pressure of the steam but resisted by a 
spiral spring; so that it records upon a paper touching the pencil- 
point changes of pressure as variation of the ordinates of a cm-ve. 
Another motion is given to the paper perpendicularly to that 
of the pencil, which causes it to mark changes of volume, or 
variations of the abscissas of the curve. This latter motion is 
so connected with that of the engine as to be made reciprocating, 
causing the paper to reverse its direction periodically, so that the 
diagram becomes a closed curve or cycle; the area of which 
represents the integral of pdv, or the external work. 

For a more complete description of this little instrument, 
reference may be made to Pambour, "Th&orio des machines a 
vapeur," page 109, or to some other treatise on the steam-engine. 

We owe to Clapeyron this use of Watt's indicator and diagram 
of energy, as the graphic method of applying the principles of 
Carnot to the work of engines. 
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CAENOT'a TEST OF PERFECTION. 



98. All engine always receives from a boiler, or source, at r, 
temperature r, a quantity of heat which we may denote by q ; and 
it emits at a loue) temperiture t^ a, part ^ to a condenser, or 
refrigerator, which in non condensing engines ib the atmosplierc. 
If of the difference (q — q) none be lost or wasted, but all bo 
Lomerted into useful woik, thLo ^iill tlit ensnne evidently bo 
tli^oretioall) perfect This act-ording to Camot, would be the 
complete utilization of the (hute de clialmr from - to r^, or from 
thi, higher to the lowei tLmpcrature Camot, however, was led by 
the material hypothesio to suppose erroneously q equal to q' ; for 
according to that hypothesis heat cannot be put out of existence ; 
while by the dynamical theory it ceases to be heat, or to exist as 
thermal energy, when transformed into mechanical work. 

Carnot's test of a perfect engine is that it be capable of being 
worked backwards, in the cycle, reproducing all the changes ; 
or tliat it he reversible. An expanding gas converts internal heat, 
or energy, into external work, and when compressed by external 
pressure grows hot; as these opposite changes are conversely equiv- 
alent, it is evident that if an engine worked by heat produces the 
amount of work 

m, - q) = f'pdc; 

SO would it, if worked backwards, by expending this mechanical 
work upon it, produce the amount of heat 



-.Af^'pdv; 



provided that each of these transformations take place without 
waste or loss. It is also necessary that the changes, or phenomena. 



d by Google 



140 MECHANICAL THEORY OF HEAT. 

be always sueii as are capable of being reversed; but in some cases 
this is impracticable. For example, bars of iron are heated by 
friction or by harameriiig them; but hot iron cannot be made 
to perform directly any such work as rubbing or hammering. 

99. To prove that reversibility is the test of perfection in 
engines, let it be supposed that some other engine receiving beat 
from a hot body or source A and giving it off to a refrigerator B, 
can, for the same temperatures r and t^ do more work than a 
reversible one. Then the two may be combined into one componnd 
engine; the first receiving and conveying a certain quantity of 
heat, works the reversible engine backwards, causing it to take 
from the refrigerator the same heat and convey it to the source or 
hot body A ; thus producing a perpetual performance of work 
without expenditure of energy, or in other words perpetual motion 
would be realized. 

It is evident, therefore, that to j>erform work the reversible 
engine would have to convey from the refrigerator a (iiiantity 
of heat greater than is conveyed to it by the first engine ; or that 
work must be performed by a cold body gi^Tng heat to a hot one, 
or by cooling itself below the temperature of surrounding bodies; 
a mode of producing work which is contrary to all knowledge of 
the phenomena of heat and cleai'ly impossible. 



CYCLES OF CARNOT AND CLAPETRO]?. 

100. Among the various cycles of thermodynamic transforma- 
tion, or diagrams of energy, there is one especially important in 
the discussion of the work of engines, and which is usually called 
the cycle of Carnot. 

In this cycle, the work is represented by an area bounded by 
four intersecting carves; two isothermal Wa^s, or curves of constant 
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temperature, cut by two adiabatic liaes, or curves of eonatant 
^nuQtity of heat, sometimes called lines of no transmission. Tbe 
terra adiabatic, proposed by Eankine, seems preferablo. 

K in the annexed diagram of energy, we suppose a hot body to 
pass from the state or condition of temperature, pressure and 
specific volume, denoted by the 
position M, whose eo-ordinatea 
are p and v, the corresponding 
pressure and specific volume, 
to the state of the position N, 
passing through all the inter- 
mediate states of the isothermal 
Hue MN, for which the abso- 
lute temperature t is constant^ 
and 

then that it pass from the state 

V to that ot Q by the successive 

(.binges indicated by the adia- 

bilu hue JSiQi it will perform during these dynamic changes an 

mi junt of positive work of espausion determined by integrating 

tilt, expieision pdv, first between the limits of M and JV, and nest 

between those of iV" and Q. 

If now we suppose the engine to perform upon the substance 
an amount of negative work of compression ; first from Q io F 
through the states of constant temperature denoted by tlie isother- 
mal line PQ, whose equation is 

then by the adiabatic line PM, for which the body neither receives 
nor gives heat to surrounding substances, while its pressure, volume 
and temperature vary with the work performed upon it ; then the 
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body will tlma have retiiriieLl to the primitive state M by the cycle 
MNQP, a cycle of Carnot. 

The external work for this cycle will be the integral of pclr 
taken foi' all points of the area MNQP, positively from M to Q, 
negatively from Q back to M ; moreover, it will be equal to 

Eiq~q)^£pdv, (105) 

or the difference of the quantities of heat received from the gource 
at the temperature r and given at the lower temperature t, to the 
refrigerator, multiplied by E, the equivalent or coefficient <jf 
Joule. 

It will also be a maximum, for in tho chute de chaleur from 
~ to Ta there is no loss of heat during the transformations of the 
adiabatio lines NQ and J^P, and as the body i-eturns to its initial 
or primitive state M the internal work is zero; or the chute de 
dialetir is wholly converted into external work. 

To realize such a cycle of transformations, it is necessaiy: 
1°, that the substance acted upon, water or steam in ordinary 
engines, be in contact with a perfectly conducting hot body, the 
boiler or eonree, freely receiving from it the quantity of heat q, at 
the constant temperature t, alon^ tho isothermal line MN ; 
3°, that, while it expands from JV to Q and works along flic 
adiabatie line NQ, it he surrounded by perfect nou-conductoi-s of 
heat ; 3°, that, l)etween Q and P, it be in contact, at tlio constant 
temperature r„, with the refrigerator, or condenser, which shall 
freely abstract from it the quantity of heat q ; 4°, and finally, that 
along the adiabatie line PM it be again completely enveloped by 
perfect non-conductors. 

Such are the conditions requisite to constitute a perfect engine, 
capable of utilizing, or converting entirely into extenial work, the 
difference q — q', or amount of thermal enei^y consumed by it. 
But as there are no substances which are perfect non-conductors 
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of lipat, the conditioiia required by adiabatie curves are practically 
impossible. All engines are, tlierefore, rendered more or less 
imjffirfect by radiatiou and condnction; the more completely, 
however, the pipes, cylinder, etc., can be rendered non-condnctiug, 
the greater will be the economy. 

101. As the total quantity of heat received from the source 
is q, and of this q' must bo given up to the refrigerator witliont 
recovery, it is evident that ike duty, as it is technically called 
by engineers, or the maximum efficiency of a perfect engiiii> 
is to be measnred, not hy the quantity of heat communic;tted '/, 
or by the gross amount of fuel consumed, bnt by 

. = ?-^«', (100) 

the ratio of the heat converted into work to the total quantity 
received. 

103. The reversibility of a cycle of Camot may be readily 
shown. Let the direction of the cycle of operations be reversed, 
then from M Ut P the substance will expand withoiit receiving 
heat, but performing the amount of positive work graphically 
represented by the area MM'PP' ; next it will pass at tbe tem- 
perature T-„ by the isothermal line PQ to Q, receiving the 
quantity of heat q, and converting it into work PPQQ' ; then 
from Qto K, without change of quantity of heat, it is compressed 
by negative internal work done upon it, graphically denoted by 
NN'QQ', with increase of temperature or internal energy fror.i 
-„ to -f, ; and lastly, by the negative work NN'MM' along Ihe 
isothermal lino NH, it is compressed back to M and gives off 
at T- the heat q. Tiie total change of work will be again indicated 
by the difference of positive smd negative areas; bnt will now 
be neyativc and equal to MNPQ ; and the total heat emitted 
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nill he q — g' J so that more work is expended upon the engiiiL! 
tliaii it performs, and this excess of work is traasfonned into the 
heat 

q-q=A£pdv; (107) 

which is identical with (105), the equation for the changes in the 
opposite direction. In the first case, therefore, when operating 
directly the engine tranefonns heat into mechanical worlc; in 
the second, work is conyerted into heat ; and in ijotli the 
i-elative quantities are the same, or they are equivalent. 

AIR ENGINES. 

103. As practical examples of engines working in simple 
cycles, we may ta.ke the hot-air engines of Stirling and Ericsson ; 
ill which the ingenious artifice of employing a regenerator, or 
ecoiiomizer, was resorted to, in order to oyercome the serious 
imperfection of loss by radiation and condiiction, or the impossi- 
hility of an adiahatic line. The office of the regenerator is that 
of restoring to the body transformed, during compression from 
To to T, the amount of heat lost by conduction of enveloping 
surfaces daring expansion from 7 to tj . Thus seeking to prevent 
loss by conduction and radiation, and to render the engine perfect, 
with a chute de chaleur from r to r^ ; which fall of temperature 
may evidently be made mnch greater for a hot-air engine than for 
a steam engine ; as the temperature t may be that of incandes- 
cence, or redness, without danger of explosion. 

AIR ENl^INE OF STIELINO. 

104. This engine was invented in 1810, and is very ingenious. 
For full and satisfiietory descriptions of it, we must refer to works 
illustrated by well executed working drawings, as it forms no 
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[ L ui tlie jiipcoe tt (!ii^> tkiiiLiiti j c nis ij g!\e pliiib i 
tilt, coii&truoti n f tn^iiiL Wi, limit ouisthca to the &imp! 
(.tposition of Hie hws ot lieit ^nd give for their application 
only sach diagrams as ait ucce3»aiy to rendei thesubjert iltii 
md mtelligtble 

In the engim. of Stilling the body or mass ol air 13 fnat 
htatod undei constant volume fiom tin. state of piessuie and 
t Jii«ratiire at A ti that ol L lucieasing it'i tempeiitiire md 
jicsaure nntd it bcc mtj I>le at the stat^ B to overcomt tin, 
resonance of the pisttn Piom 5 to C tne iir txpands under 
coiistint tcmp^ii'ure ~ follomng the ibothermal Iuil Bf Fioiii 



^vhil itiioliim 
La^itlj, uiidi;! Ihe 




f ti} D its tempenturt is low red fiom 

lemama constant and tho pre^sari dLCi 

constant temperatnre r^, while 

acted npoQ by the refrigerator 

and compressed by the eugiiiL', 

it passes from D back to thu 

original state at A. During 

the changes from A to B and 

from Cto D, there is no varia^ 

tiou of volume and tliercfore 

noextemalwork; but between ' 

A and B the temperatui'e is 

elevated, requiring for that eficct the amount ol iieat 

C{T-T.), 

in which c is the specific heat of air under constant volume. 
Aoaiii from C to D there is cooling, or liberation of heat, to an 
cipial extent, giving out 

«(^-r.); 



and it is the office of the regenerator, or economizer, to render 
the heat emitted from C to D available for the change from 
7 



d by Google 



146 MECHANICAL THEORY OF HEAT. 

A to B ; so tliiit, in tho integration of equation (103), whicii i3 
applicable to tliis engine, or of 

(IQ —. cdr + Apdv, 

tlie definite integral of ah shall reduce to zero by compensation 
of equal loss and gain. 

The formula for the engine thus becomea 

dQ = Apdv ; 

which is readily integrable, for tne isothermal line BO is an 
hyperbola referred to rectangular asymptotes, and its equation is 

pi}=p,v,=p„v,{l +€il). (n) 

Kimikrly, the equation of ttio iaotiiermal line AD ia 

pv=p,v,{l +«/„). (b) 

Hence, the amount of positive external work done by the change 
from B to C will be represented graphically by the area A' BOO'. 
requiring the amount of heat ^ to be absorbed from the source 
or fire betiveen B and C. And algebraically, we have 



q ^ A I pdv ; 



in which i'„ is the volume indicated by the abscissa OA', and 
i\ that of the abscissa OC. Along the isothermal line DA. a 
quantity of heat q' is given out to the refrigerator, the work is 
negative, i-epresented by the area ADC A' and algebraically 



- ^ I , pdv. 



The total work of the engine will be represented by the quadri- 
lateral area A BCD and may also be expressed by 
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To determine its value, equations (a) and (S) give 



a — Av,Ve I — — Ap,i\ log — . 
q = ^P«\f^^ — = Apai\ log ^ . 



Consequently, we have for the duty, or maximum efficiency, of 
tlie engine the ratio of areas 

ABCJD _ 
A'BCC' ^ ^' 



' the algebraic formula 



(108) 



For, since p, and j?„ are the pressures under the same volume '■„ 
of the same mass of air at tho temperatures 7 and t„, the law of 
Charles and Mariotte gives 

jPim_« {a + _ - 
P^v„ ~ « (a 4- io) ~ -0 ■ 

The expression for the duty, or maximum efficiency, of an engine, 
working without loss, 

gives the ratio of the heat used to that received, or of the 
equivalent chute de chaleur (t — r„) to - ; and we shall find this 
ratio, or theorem, to be one of the greatest importance, applicable 
to all heat engines, and in fact constituting the second fundamental 
law of thermodynamics, 
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EEICSSOS'S ENfilSE. 

105. Tbia engine may be theoretically considered ;i very inter- 
esting modification of tliat of Stirling. In its eyele the air is 
heated under constant pressure, instead of being boated luidcr 
constant volume. 

In its diagram of energy, the body passes from the state A to 
to that of B, under the constant pressure OM, and with tlic eliangc 
ofToiume^R The 
quantity of heat I'e- 
quired for the trans- 
formation is 



p 

M 


A 


B 


\-f 








\ 


\ 




jf 






\ 


X 








D 



















^ 



in Avhicli c is the 
specific heat of 
air under constant 
pressure. From B 
it then passes to the 
st:tte under the constant temperature r, and by the isothermal 
line BC, absorbing in the change the quantity of beat q; from C 
it is compressed by the engine to the state D, and passing from the 
higher temperature r to the lower r, it emits the quantity of heat 

c{r-..). 

From D it is compressed back again to A ; and being at the same 
lime in contact with the refrigerator, it gives to it the quantity of 
heat q'. The heat utilized will bo (y — q') ; and the regenerator is 
employed to prodnco the compensation of loss and gain of the 
quantities of heat, each equal to 



C'(T 






1 the changes from A to /?, and from C io D. 
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It is evident from tlic diagram, that the work done will bo 
denoted by the area ABC'D, and the diil;/ by the ratio of that arc^i 
to MNCB. Algebraically, the quantities of heat received aud 
given out are 

'I +»'(^-r.), 
?■ + »' (v - T.). 
Tho hyperbolic areas are 

T-.t-.log-'-", 

and the area ABC'D has for its valne 

i;,(c, -r,)log-^^. 
The duty, or maximum eiHoiency, is 



Consequently, the efHciency would be the maximum forbotli of these 
engines if no heat were uselessly wasted in changes of temperature ; 
the quantity c (r — -„) in one, and c' (r — 7„) in the other, being 
economized and made to circulate in snecossive cycles, by being 
alternately given to and taken from tlie regenerator or economizer. 

106. Thus far we have considered engines supposed to lio 
perfect, and have sought to indicate the conditions necessary to 
render them so. It is evidently important to determine sneli 
conditions, and that an engineer be familiar witli them, for they 
enable him to detect imperfections and suggest improvements. 

An engine is perfect if it fulfd Carnot'a criterion of reversibilitv, 
or have for its coefficient 
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which requires that it receive the quantity of heat q at the tempera- 
ture T only, and part with q" to the refrigerator only at t-^, neitlier 
rcceiviug nor emitting heat at any other temperatures. 

But as such an engine, working thus by a cycle of Oarnot, is 
an impossibility, it becomes important to study by wliat con- 
trivances engines may bo made to economize the waste of power 
due to absorption and emission of heat at other temperatures than 
T and To, or from other bodies than the source and the refrigerator. 

Of such contrivances, none is more ingenious than the i-cgener- 
ator of Stirling. If this regenerator rendered the compensation 
complete, evidently the engine would be as perfect as one working 
in a cycle of Carnot. 

The corresponding diagram of energy would be a quadrilateral 
area, bounded by two isothermal lines intersected by two lines of 
equal loss and gain, instead of two adiaiatic lines ; to such lines of 
equal transmission Rankine gives the name isodiabatic. 



ISOCIABATIC LIKES. 

107. To express symbolically the relation of lines which are 
isodiabatic. Let q bo the 




heat absorbed and q' that 
emitted during the changes 
between t and tj, or for the 
isothermal lines MP and 
NQ. Now for any in- 
finitesimal corresponding 
changes along the isodia- 
batic lines MN and PQ, 
we have 
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dq = cdr + Apdv, 
dq' = cdT + Aji'du' j 

;iiid if these be equal, tli^n must 

pdv = p'dv'. 

Tliese etirrosponding changes taking place from positions a and a 
on an ieotliermal line, we may assnme for permanent gases the law 
of Mariotte to hold good, therefore 

pv = p'v', 
and 

p' __ 'V _dv _ 
p ~ v' ~ du ~ 

[f, therefore, for any hne of cliange MN, we know its equation 

fipv) = 0, 

wo liave only to substitnte in this the values 

» = nv', p' •= npf 

to obtain for the isodiabatic lino PQ its equation 

In the engine of Stirling, the volume during the change from iVto 
3/ 13 constant, and its equation is therefore 

consequently, the equation of PQ is 

and both are evidently straight lines parallel to the axis of ^;. 
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Ill Ericsson's engine, tlie preasiire is eunstaiit for MJV, and its 
equation is 

iieiiee for tlie equation cf PQ, ive have 

// — iipi, = ; 

r.iid both art! straigliK lines parallel to the asis of v. 

It is evident that the general equation of the line ^fN is arbi- 
trary; and consequently, that the problem may have an infinite 
number of sohitions. 

Theoretically, a regenerator should absorb heat only from the 
hot air and give it back to it afterwai-da without loss; pi-actically, 
it is impossible to prevent waste ; a large portion of the heat being 
always communicated by conduction and I'adiation to surrounding 
bodies. The term economizer is, therefore, its appropriate name. 
And we see that for air and all other heat engines, loss by conduc- 
tion and radiation must ever render it impracticable to make them 
dynamically perfect. Yet of such loss a regenerator may save 
quite a large part. 

One of the greatest improvements made in furnaces for metal- 
lurgy ia that of Mr. Siemens, who, by attaching a regemrator 
composed of a mass of iiro-briek, has introduced great economy of 
fue! united with other very important advantages. 



ADIABATIC CCRTES. 

108. To proceed further, it is necessary that we investigate the 
nature and properties of those linos of no transmission called by 
Eankiue ad'tabatic; and which with isothermal linos form the 
diagrams of energy in cycles of Carnot. 

For solids and liquids, our ignorance of the functions which 
express the relations of pressure, volume, and temperature during 
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thfirmodynamic changes, renders it quite impossible to determijie 
tlia cquutiou of uu adiabatic curve. But for perioetj-and conse- 
quently for i^ernijmeiit, gases the eciuation is easily obtained. 

For perfect gases, equation (80) gives the relation of the speeiiic 
heats of constant pressure and constant volume, 

and if v and ; be taken as indopendeut variables, equation (88) 
g'v-es 

,■1 a p„V^ - 






Denoting the first member of this by dtp, substituting in the last 
lorm of the seeond raonibcr, and Integrating, we find 

= log fJ (^ + 0*^ v''-'- 

And replacing {a + ^y 't^ y^i'mc given by 

pv^ap„i;(u + t), 
we get 

* = '"»' ("is--'"' 

But as the constant of integration P is arbitrary, we may put 

and our equation then becomes 

ffi^hgp'^v^. (110) 

By comparing this result with eqiiations (75) and (89), we see 
that 
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109. When the specific yolume, or density, of a gas changes 
ivithout heat being either absorbed or emitted, dQ is zero, and the 
product -^ifi is constant ; tliis is tlie law of Poisson, and it may be 
expressed thvis, 

^fi-o<> = pt^ %f ; (113) 

the following modification of w'hicli is often used 

j)iP=j)^v^^; (113) 



the ratio of the two specific heats or capacities. 

The equations just found replace the law of Maiiottc, whenever 
a perfect, or a permanent, gas varies in volume, pressure, aud 
temperature without receiving, or imparting, heat to other bodies. 
And they are evidently those of a line of no transmission, or of an 
adiabatic curve. 

The form of its equation shows an adiabatic curve for airs to bo 
a hyperbola referred to asymptotic ases ; bat for which the ordi- 
nates^ vary more rapidly than the abscissas w; because the specific 
heat under constant pressure c' is always greater than c, the specific 
heat of constant volume. 

The law (113) was demonstrated by Laplace and Poisson before 
the djTiamieal theory of heat was a^rcepted ; and it is indeed inde- 
pendent of any ideas we may conceive of the nature of heat. 

When heated air, or snperheated steam, expands in the cylinder 
of an engine, after being cut off, it may be approximately considered 
as changing by the law of an adiabatic curve, if it varies so rapidly 
that time is not allowed for loss of heat by conduction. 

For other substances than perfect or permanent gases, it has 
not been found possible to determine the form of the function ; 
but equation (75) and the condition dQ equal to zero give as a 
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general expression of no transmission of heat, or of an adiabatlc 
curve, 

a constant; Cli) 



=/f-= 



which is, therefore, true for all substances; thongh the function 
is not the same constant for different bodies, but depends for each 
upon its particular nature. 



CURVES OF TILYNSFOKMATION. 

110. Three kinds of lines, or curves of thermodynamic 
change, are employed: 1°, adiabatie curves; 2°, isothermal lines; 
3°, lines of equal energy. For perfect gases those linos reduce to 
two kinds only ; for the isothermal lines are those of equal energy. 
This is evident fi-om the fact that, by the second law of Joule, tho 
internal energy of a gas is a function of its temperature alone ; 
giving 

cdt = AdU, or U = f{t). 

Hence, in every change in which the temperature of a gas remains 
constant, the internal eneigy does not vary ; and isothermal lines 
for a perfect gas are, therefore, lines of equal energy. 

For the perfectly gaseous state, we have, for an isothermal 
line, the law of Charles and Mariotte, or the equation 

pv=p^i\(\ + «0; 

in which the temperature t is constant for the same line. And 
for bodies generally, we have for an isothermal line 

t =f{vp) — c, 
Mdv + Ndp = 0. 
For adiabatic lines, perfect and permanent gases give the law of 
Poisson, 
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uid generally for al! substances, 



=yf 



a constant. 



If this integral be taken bctivcen uny two limits or states (1) 
and ('i), its value is 

_/"f = 0. (115) 

The geometric constractiou »f an isothermal line is for perfect 
gases an equilateral hyperbola, with p and i> for Lisymiitotic 
co-ordinates. Tjiat of an adiabatie line for such gases is also an 
hyperbola referred to asjTnptotic axes; hut as p varies more 
rapidly than v, the carve recedes more from the axis of c than it 
approaches that of p, and is not, therefore, symmetrical either in 
position or form. For liquids, their very slight compressibility 
shows that the ordinat«s p vary far more rapidly than the 
volumes V ; and for solids, the outward pressure, or elastic repul- 
sion, changes even to attraction, so that p becomes negative, and 
the curve cuts the axis of abscissas. 

The law ol 
p Charles and Mnri- 

otte may be ])iit 
under the form 

pv = Rr, 

which is the same 
as 

Its geometric 
construction is the 
hyperbolic parabo- 
loid, represented in 
the annexed figure. 
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When r is coiiBtant tlic coiTespoiiiliDg section gives for the 
isothermal line 

pv = xyz=a, 

■,m oquilateral hyperliola. AikI for sections perpendicular to t!ic 
a^:og of p aud v respectively, ive have 

vz=x = at, 
p = )/ = (r7, 

or the intersections of the planes witli the paraboloid are straight 



AIB ESQIS^S WORKIKO IN CYCLES OF CARSOT. 

Ill, 111 the accompanying diagram let the quadrilateral 
MNPQ represent a cycle of Carnot. The isothei'mal lines of the 
temperatures r and -„ being 
J/if aud PQ; and MP and 
NQ, or 00 and 0, being adia- 
batie lines. 

In tho change from M to 
JV, at the temperature -, the 
quantity of heat q is ahsorbad ; 
and q' is the quantity given at 
the temperature r„ to the re- 
frigerator in the change from 
Q to P. Between JV" and Q, and again from P to M, no heat is 
cither emitted or received, tJie curves and 0„ being adiabatic. 

The integral of positive work is graphically represented by tho 
sum of the two ai-eas M'MNN', and N'NQQ'. The work from 
iV^to Q is done by expansion after communication is cut off at N 
from the source of heat. 

Tlie negative work, or Ihat of compression, done by the engine 
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upon the air from Qio P and from P back to M, is represented by 
the areas P'PQQ' and M'MPF. 
The efficiency ia measured by 

and it is required to prove that this ratio is equal to 



Let p^, pt, p„ Pa bo the respective pressures at P, M, N and Q. 
For the heat received from the sourcCj between M and N, we 
have 

y = ^l7>,r, logj; 

and for the heat given to the refrigerator, during the change of state 
from Q to P, 

'! = Ap^v,, log J ; 

From iV to Q the equation (112) of an adiabatic line gives 

v,p/=v.:p/; (a) 

but by tlie law of Charles and llariottc, 

pjV^ — «fj„roT, 

p,v, = >^p,i\T,; 

and therefore 

T,v,p., = ~v,p,. 

Dividing this equation by (a) we get 
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which may be put under the form 

^ ~ \ ~J 
111 like maimer, we obtain, between P and M, 

consequently 

Zl = P^ ■ 

and the efficiency is 

q~q __ PyV^ ~ p«v« . 
? p,v, ' 

but 

p,v, = ttp,v„r, 

poVa — ap^v^T^; 
and these values give, by substitution, 

which was to be demonstrated. 

112. Another and a much simpler demonstration is readily 
obtained from equations (75) and (89), whi-^h give. 



As T is constant lor isothermal lines, this equation gives for the 
cycle of Camot between M and N, the definite integral 
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and similarly, for the isothermal line t,, betwee 
ijiiiintity of heat 



while ior the adiabiitic lines there is no variation of quantity. 
Consequently, we havo 



for the cliiciency of cycles of Carnot. 

It is not possible to construct an engine in wliicli changes occur 
ivithont loss by conduction and radiation ; or, in other words, to 
realize changes by adiabatic linos; yet we may readily reduce to 
infinitesimal cycles of Carnot tiie operations of engines gGiierally, 
and find their work aa a definite integral of such elementary 
cycles. 

caenot's theorem. 

113. It has been aunonnced, ivithont proof, that, for all heat 
engines whatever, tlie duty, or maximum efficiency, is 



this expression ha^ just been shown to he that of the efiiciency of a 
l>erfect air engine working in a cycle of Carnot ; the same expression 
has also been obtained for air engines of Stirling and Ericsson, if 
rendered perfect by means of a regenerator. And it will now be 
shown to be impossible that any heat engine whatever can have a 
gi-cater coefficient than that of an air engine working in a cycle of 
Carnot; which being reversible should therefoi-e bo perfect. 

When any two engines have equal coefficients of efficiency, we 
must have 
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(116) 

If now it be JmagineLl that auy other engine whatever, M, can he 
more efficient ; in other words cun, with an equal amount of beat, 
do more work than an air engine, JV, which works in a reveraible 
cycle of Carnot; then, let M make m cycles wiiile _V makes n 
cycles, and let q and q' be the qaantities of heat respectively 
emitted and received by the source for a single cycle; while q„ and 
5''o are those given to and taken from the refrigerator. The limit- 
ing temperatures r and r^ being the same for hoth engines. 

The quantity of heat to he used being, by hypothesis, the same 
for botii engines, wo must liave 

mq — nq' = 0. 

Hence, if the two engines be cipially efficient, 

'« (<1 — 1<:) — " ('/' — ?«') = 0. 

But if M be more efficient thiin JV", then will this difference, or 

nq,' — - mq^ , 

be a positive quantity. 

Combine the two engines into one compound machine, M the 
more efficient driving jV reverseiy. The engine M receives from 
the source A in m cycles the quantity of heat iiiq and gives to B, 
the refrigerator, mqa- While JV worked backwards takes from B 
the quantity nq,' and gives to A the qnantity n(j'. 

The source A therefore imparts the total quantity of heat 

mq — nq' ; 
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but tliis is, by hypothesis, zero; and eoasequpiitly A neither 
receives nor emits any heat whatever. 

The refrigerator B receives mgi, and gives to A the quantity nq„; 
it therefore imparts 

Iso«-, eitlier the work done raust of iioceesity be zero, in whieli case 
the two engines arc equally efUcient and the last expression is zero; 
or tlio work done by M in driving Jf mnst Iw produced by a positive 
<iuaiitity of heat given by B to .d, tlic value of which is determined 
by the expression just found. 

This is simply impossible, for it is coiilrary not only to ail our 
knowledge and exijericnce, that work should bo done by a cM 
body giring heat to a hot one, but also to the first principles of the 
dynamical theory; according to which heat is energy, readily 
imparted with a cJmte de clialeiir by a hot to a cold body, by moving 
to motionless particles; but not capable of tlic reverse transference 
from cold to hot bodies with accompanying performance of mechan- 
ical work done by it. Snch a proposition is the equivalent of 
supposing ice to generate steam and thereby work an engine; or 
water to work mills hy running up hill. 

Tlio principle, that worit cannot be done by a cold body impart- 
ing heat to a hot one, is a thermodynamic axiom first proposed by 
Sir W. Thomson. One less obvious was used by Clausius. 

114. As it has now been proved that no engine can be more 
efRcieut than an air engine working in a cycle of Carnot, it follows 
that for all engines the duty, or maximum, is 



This remarkable and very important equation, the same as {!0f)), 
though first definitely determined by Sir W. Thomson, is uGually 
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ciilliid the theorem of Caniol ; for to Cai-not we owe the law that 
"tlie mecbaiiical power of beat is iDdependent of the agents 
employed to realize it ; its quantity being fixed solely by the tem- 
peratures of tlie bodies between wbich the heat is transported ; " 
n'hich enunciation may be symbolically written 

e=C{r-7,). (in) 

Unhappily, Sadi Camofc was so far misled by the then prevalent 
material hypothesis, that he failed to determine the factor C, wliich 
Thomson has since named the function of Carnot. 

On comparison of tlie last two equations, it is evident tb;it 

C = \, (118) 

or that t]ie function of Carnot is the reciprocal of the aisohde 
temperature. 

Conversely, it is sometimes given, as a definition of iibsolut:^ 
temperature, that it is the reciprocal of this function. 



AIR ENGINES COMPARED WITH STEAM ESCIINES. 

115. Haying found for all heat engines the same dull/, or 
coefficient of masimam efficiency, we may now compare the actual 
working results of air engines, such as that of Ericsson, with those 
of one of the steam engines of Hirn. 

Suppose a perfect air engine to work at the temperatures of one 
of Hirn's steam engines, for which he observed t = 146° and 
t(, ;= 34°. We have also 

_ _1_ _ 1 
" ~ -iTS ~ a' 

If we substitute these values we find 
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T—T, t — h 112 



I -v t iiy 



' nearly, 



wliicli is therefore the i 

Now, for Ilia steam engiae, Mr. Him obtained -J as its actual 
efficieuey; and it is very probable that an air engine, working 
between 146° and 34°, would not give one-eighth of the total 
expenditure of boat as its coefficient. 

Experiments made in Paris, at the Conservatoire des Aria, 
under the direction of MM. Morin and Treeca, gave for an 
air engine of Ericsson the result, that 4.13 kilog. of coke, or 5.85 
kilog. of bituminous coal, per horse power, were consumed every 
hour. The actual disposable work was only Ca? of that measured 
by the indicator. The latter coefficient showa veiy inferior 
workmanship, for experiments made with an indicator and a 
frein de Prony Iiad given, for the ratio of disposable work to that 
shown by an indicator, 0.80 to 0.85 in well-constructed stoam 
engines. 

Otlier experiments made with an air engine of M* Laubereau, 
in his presence and with bis aid, gave MM, Morin and Tresca the 
consumption per Iiorsc-power of 4,55 kilog. of fuel per hour. 

Aceording to the same able observers, the consumption of 
bituminous coal per horse-power in ateam engines varies from 
1.3 to G kilog. per hour. 

These practical working results do not, therefore, indicate any 
sujieriority for air engines ; nor has any engine yet proved itself to 
be, when considered in every respect, more advantageous than the 
best steam engines. 

The most serious attempt to substitute the power of heated air 
for that of steam was that made at New York, about twenty years 
ago, with the ship Ericsson, which was at first provided with 
air engines constructed by Capt Ericsson. The experiment on so 
large a scale was instructive, but unsuccessful. And the ship was 
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siibseqiiGiitly altered into an ordinary steamer. Small Ericsson 
cugines are, however, still used in New York, and if not more 
economical than steam engines, they at least are less dangerous in 
some respects. 

116. An inspection of the formula of maximum efficiency. 



shows that advantage is gained either by increasing the numerator 
or by lessening the denominator of this ratio. The numerator may 
be iucreased by reducing r^, ; if it were the absolute zero, the value 
of the ratio would become unity and the whole of the heat q 
received could be utilized by a perfect engine. Upon tliis result a 
dynamical definition of the absolute zero lias been founded. 

But To is zero only at — 273° C, a degree of cold wholly 
unattainable. If to increase the numerator we elevate the temper- 
ature -, we thereby also augment the denominator and paitJally 
neutralize the advantage to be gained. 

As limits the freezing point of water, or 0° C, and the temper- 
ature of incandescence or redness, about 500° C, may be considered 
physically attainable or possible in heat engines ; these tempera- 
tures give 



^5 = 0.64; 



such therefore is the maximum coefBcient for a perfect engine of 
any kind working with a chute de clialeur from redness to the cold 
of melting ice. 

An engine whose faults of construction are so slight as to give a 
practical or utilizing coefficient of 0.85 of the theoretical work 
might consequently give 0.64 multiplied by 0.85, or the coefficient 
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0.54, as the actual efficiency of a very perfect heat engine between 
siicli extreme temperatures. 

But high temperatures even much below that of redness, pro- 
ducing powerful strains by irregular expansion, and eausiug oxidation 
iind other deterioration, are so desti-uetivc that, even in air engines, 
it has not been found advantageoiis to eleyate fhe temperature 
much above that used in steam engines. And unless it be for 
the purpose of very greatly extending the chute de chaleur, or range 
of temperature between r and 7„, there seems to be no important 
advantage to be gained by substituting heated air for steam. 
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CHAPTER VIII. 

THERM Al, LAWS. 
THEOREM OF CAIIKOT. 

117. The law of equivalence of Joule is ouly tlie definite 
expression of tbe fundamental truth that licat is euei'gy, 

Eq = -S.fPdp. 

Not less important is the theorem of Carnot, that it is impossible 
to employ efficiently, or utilize, of a given quantity of heat q, 
more than the chute de chalcur, or fraction, 

Hence this theorem is called the second fundamental hio of thermo- 
dynamics. And as quantities of heat are not directly measurable, 
the law is the more valuable in that it enables ns to substitute for 
them absolute temperatures indicated by an air thermometer. 

Moreover, being universally true, the theorem of Carnot can be 
used to generalize many restricted propositions obtained for gases 
only, from the law of Charles and Mariotte; and thns we can 
establish general thermal laws applicable to all bodies. 

To this extension and generalization chiefly, attention is in- 
vited in this chapter. But before entering upon that subject, it 
is well to familiarize ourselves with the various equivalent algebraic 
forms in which the theorem of Carnot is usually expressed. 

By the law of Joule, the work of an engine, receiving q from 
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the eourco and giving q,, to the refrigerator, withoiit waste, or tlie 
total dynamical value of the heat used, is 

But by Carnot's theorem, 

tlierefore 

S fPdp = E(<I - 5,) = £■ ? (r _ T,), 

which is the complete analytical expression of the two laws. 
As perfect engines have all the same duty, 

~-q-~ - ~~~-~ - ~~'~ ' 
which gives always the constant ratio, 

L=JL^.< = £^,i^,. (120) 

r„ (J» q, 0« 

this result may be thus enunciated : between the same temperatures, 
the ratio of the quantity of heat given to the refrigerator to the 
total quantity rcceivejl by any substance, or system, is constant for 
all bodies working in cycles of Carnot ; and is equal to the ratio of 
the corresponding temperatares. 

Equation (119) may be* written thusi 

' q q q 

And as i;his is true for all values, it is true when the variation is 
infinitfiEimal, or 

^^* = *Z: = ^ = eto. (121) 

7 q q q 
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The preceding expressions give iilso the constant ratio, 



. .t „ l'_ _^q _dq. 



{Vi-i) 



to which constant ratio (122) Clausius gives the rather obsciiro 
iiainc of "equivalence-value." 

It is evident Uiat these difierent forms simply express that, not 
only for perfect gases, but for all substances, absolute temperatures 
vary proportionally to the quantities of heat absorbed and given out 
in cycles of Camot, or in perfect engines. From equation (119) 
\vc obtain, for tlie heat necessarily lost in perfect engines, 

1^=^ = ^ = ?^ = ^. (12:!) 

r q q q 

To express which in ordinai"y temperatures, wo have 

JL? — ^±Jj? — T- + «^" . 
T '^ a + t ~ I + at ' 
and for the duty 

7--j„ _ ;_-_/„ 

T ~~a+y 

By the law of Joule, Edq is the total dynamical value, or 
equivalent, of the variation of heat dq ; but by the theorem of 
Camot the actual value, or proportion, of this heat which can be 
used in au engine is only 

E ^~-" dq. 

If now in any cycle, q be the heat received and q^ that emitted, 
then will 

E{q-q.)-Er.f'^ 

be the work, during the cycle, of the heat which can possihlv be 
utilized. 



(m) 
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But if the eogine be perfect, or tlie eycio be reversible, the first 
lerai denotes the amount of work ; and the second term conse- 
quently becomes 

Oenerally, however, as engines are imperfect, and therefore nor 
reversible, the work during a cycle is much less than the value of 
the first term, which expresses its amount in perfect engines only ; 
consequently. 



-./ 



is the heat wasted, and neither converted into useful work, nor 
necessarily given to the refrigerator, as q,, must always be. Hence 
the expression just found is called by Thomson, who first obtainetl 
it, that of the dissipalion; and it measures the imperfection, which 
cannot possibly be a negative quantity. 



GENERAL EQUATION FOE ALL TRANSFORIIATIOKS. 

118. We have proved that there is always a factor capable of 
rendering exact and integrable the partial difEerential ec|uations of 
thermodynamic changes. We have also found that, for perfect 
gases, this factor is 

}. = a + ( = T, 

the absolute temperature, as defined and indicated by an air ther- 
mometer. So that our general equation of transformation for all 
substances, 

dQ = Xd4>, 
becomes for perfect gases 

dQ = rd<p. (127) 

The theorem of Camot serves to generalize tiiis result, by proving 
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t!iat for all bodies X is equal to -, tlio absolute temperature ; while 
If) is a determinate but unknown function for eaoli particular sub- 
stance ; the form of which can be obtained for perfect gases only. 

11 D. To show that the factor A. is cquiil to ~ for all bodius, let 
an engine work in a cycle of Carnot. MNPQ, coniposed of two 
isothermal lines, r and t', and two 
adiabatic lines, and <!>' ; which may 
be taken so near to each other that 

Let A' and /i denote tljo values of I 
at M and Q ; then the general equa- 
tion of transformation {/5) gives for 
the changes from M to iV, and from 
F to Q, 

dq = k\l<p, 

dq =^Xd<p ; 
from which and equation (132) we get 




But the ratio of t to r', or that of ^ to q, has been proved to be 
constant for all bodies ; it follows, therefore, that such is necessarily 
the case for the equal ratio of A to A.'. Consequently, the factors /. 
and X' must equal tJie same function of t and r', multiplied by an 
arbitrary function u, dependent in each case upon the nature of the 
body, or algebraically, 

i. -„f(r)- r- 
The function u being arbitrary, and therefore capable of an infinite 
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nnmbei- of values, see § 62, we may put u equal to unity, ivliicli 
gJTCS for all bodies 

Now it has been fotiiid, for perfect gases, that A is equal to the 
absolute temperature r, consequently for all bodies 

i=/(T) =r, 

(128) 

and, therefore, we liavc always 

dQ = Td^; (129) 

in which equation >/> is a determinate function of the indepenueut 
variables, but difTering with the nature of the substanco, 

This equation is perfectly general and applicable (o all 
tbermodyuamic changes. Hence, it is called by Eankioc the 
general ihermodt/namtc function. 

120. Integrating (129) between limits, and supposing - 
constant, or the change to occur isotliermaliy, we get 

(?,-§„ = T (^, _ ^„) ; (130) 

or the quantity of heat requisite for any body to pass from an 
adiabatic line ^o to another 0', by am isothermal change, is 
proportional to the temperature. 

From this result, we may readily get the expression for the 
theorem of Carnot. Let t and t, be ihe tempei-atnros of the 
isothermal lines, and ^ and ^„ be the adiabatic lines of a cycle 
of Carnot, then 

q = ~{^- 0o), 
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consequently, 



t~tl- 



whici] is Carnot'e thecretn of 
ail substances. 



g - '?■> ^ ~ - 'o ■ 
q T ' 

m efEciency, and tnie for 



121. Integrating between the limits (1) and (2), wo obtain 



-*=/' 



the aoeond member of which depends not only upon the initial 
and final states (1) and (2) but upon all the intermediate states. 
To render this eyideiit, we have by equation (38), the dynamical 
result 



Ef\d<l> = 



U,~V,+ 



£pdc. 



If now in the annexed diagram we suppose a body to pass 
from tlie state M to the state N, 
it is perfectly clear that the second 
term of the second member, or 
the integral of pdi; will be repre- 
sented by M'MNN',aa'\. that this 
area is a function of all the con- 
secutive intermediate values of jt 
between J/" and N. Moreover, its 

value for a complete cycle is evidently represented by the closed 
area included in the curve or diagram of energy; but that of the 
internal cnei'gy is zero- 



129. To prove from equation (129) that the efficiency of the 
cycle of Camot is the maximum ; let that of any otlier cycle 



d by Google 



174 



MECHANICAL THEORY OF HEAT. 



be represented by tlie closed area abed of tiie r.nnexed figure. 
Kow, through its points i and d of ]iighest and lowest tenipera- 
tore, r and -', and the extreme points a and c, c^rreapondinp; 
to the greatest and least valnoa <> and ^' of the function 0, we may 
uhvays draw isothermal and adla- 
batic linea, forming a cycle oi 
Carnot tangential at a, b, c. (/ to 
tlie given cycle. 

It is evident, upon mere inspec- 
tion, that the areaabcd representing 
the external work is less than that 
of the circumscribed cyele of Car- 
not. Bnt it may be imagined that 
through the extreme points a, h, c, d 
other lines of transformation may 
bo drawn which would give a greater area or efflciency. By 
hyiTOthesis, r and t' are tlio extremes of temperature ; no line 
passing through the points /> and d can therciore give for 

'J = .f-d<P 




so great a value as the isothermal line for which the factor r is tlie 
maximum and constant. And no line passing through d can give 
for 

q' z= fVd-p 

SO small a value as the isothermal line for which the tenperaturc r' 
is the minimum. 

It is also evident that the definite integral of d<t> in Ihese 
equations is a maximum when ^ anil ip' are constant and the 
tangential lines through a and c are consequently adiabatic. 

Pei'forming the integrations indicated in the preceding 
discussion, and reducing, we obtain for the efficiency of the cycle 
of Carnot, thus proved to he a maximum, 
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And tbus again it is shown lo be impossible, if the pquatiotis 
dq = T(^^, 

represent the heat received and emitted hy any substance, that .m 
engine can ever utilize of that received q more than 



ill wliifih r and -^ are the temperatures of the source and tlie 
refrigerator, 



LQUATIOKS OF SIR IV. THOMSON. 

133. By tlie general thermodynamic function 



but V and r iicing (be independent variables, 



and this is an esact differential d^ ; consequently, 



which by virtue of (T3) reduces to 



identical with 



1 = aA (133) 



*=^f (13*) 
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This is eYidently true for any substance or transformation what- 
ever in which p varies as a function of v and r. 
In like manner, from fclie equation 

dc dh . 

dp ~ ' dr ' 
and 

J [dJi, de\ 



which, by virtue of cciuation (74), reduces to 

7, _ ,.-'''' 



(135) 



(!3(i) 



Taliing now the specific volume v and tlie pressure p for inde- 
pendent variables, 

eonsequontJy, 

^dM_ ,y-^__f?-'V_^. 
dp ' dp ' dv dv' 

thercforc, 

dp " de ~ ' \ dp dv 1 

And this, by virtue of equation (f^), reduces to 

M^-N'^ = Ar (13?) 

dp dv ^ ' 

124. Equation (137) contains both of the derivatives 

dr , dT 

aud -,— ; 

dp dv 

but equations (133) and (liS6) contain each only one of them, 
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If we denote the geuorul tlicrmodjiiamie fiinotion by 
<p {p, r, = 0, 
and make v constant, then we have 

dr dp __ 

dp dr ~ ' 

iuid, therefore, equation (133) is equivalent to 

l'^ = Ar. (138) 

SiiDJlarly, by making p constant, 
dr dv 



1, 



and equation (130) may be transformed into 



//i" = _ Jr. (139) 



lleuce it follows that the same function r of ^ and r satisfies all 
three of the equations (137, 138, 139) derived from tiic general 
equation of transformation. 

125. For an isothermal change. Sir W. Thomson gives the 
following mode of determination: "let the substance expand from 
any vohime v, to v, and being kept constantly at the same temper- 
ature T, lot it absorb the quantity q of heat. Then 



(^ = / ldv= At I -J- dr. 



" But if w denote the mechanical work which the substance 
does in expanding, we have 
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" = />■■ 



and therefore 

» = ^-J- 040) 

" This fonnula, established without any assumption admitting 
of doubt, expresses tlie relation between the heat developed by the 
compression of any substance whatever, and tlie mechanical work 
which is i-equired to effect the compression, as far as it can be 
determined without hypothesis, by purely tiiermal considerations." 



EQUATIONS OF EANKIKE. 

136. If in the genera! thermodynamic eqnation, 



we substitute for I the value given iu o(|uation (133) and integrate, 
we obtain 

<p = c\ogT + Aj''ll^(h: (i4I) 

And similarly, by integration and substitution of the value (13(J) 
for //, in the equation 

d<l, = c'^+k'^-, 
it gives 

•p = clogr-~A y^ dp. (]4^) 

To separate the second member of (141) inl« terms which shall 
indicate the internal potential energy of molecular action and the 
work done against external pressure ; we have for the total differ- 
ential of ^, considered as a function of c and t, 
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d4i = -r clr 4- -/■ dv. 
(IT dv ' 

Hence, equation (141) gives, by differentiation, 

Td-p = cdT + At J'^^^dv ■ (It + Ar'^Jldv. (143) 

This equation is mucli used by Rankine, wiio analyzes it as follows: 
the term cdT is the energy which the body possesses in virtue of 
being hot ; the secoud term 



^J dri 



dv ■ dr 

13 the heat which produces work by mutual molecular actions 
dependent upon the temperature ; and the last term 



is the heat of expansion performing external work, as well as 
working internally against moleeulai- attraction dependent upon 
\ariation of volume. 

Another analysis by Eankine is: 1°, the change of sensible 
heat cdr as before; 'i°, the external work jxjv, represented by 
a diagram of energy; 3°, the internal work perfonned in over- 
coming molecular action 

./g*.* + (.| -,,)*.. (i«) 

127. For a body in the perfectly gaseous state, we have found 
l = Ap; 
therefore, by equation (133), this gives 
dp 
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and from this, by difEerentiation, ive find 

f-d.^.^J. + '^d,; 

dr dr^ dr 

consequently, 

.g<!r = 0. (145) 

Both terms of the expression (144) vanish, and the internal 
molecular work is therefore zero. Heat is consequently entirely 
, consumed in rendering the body hotter and in performing cxterual 
work. 

Writing the law of Charles and Mariotte under the form 

pv =^^P r = lir, (140) 

and differentiating ^ as a function of 7, we hare 



(147) 



dp R _p _ 

dr V r ' 

and thus again we an-ive at the expression used above. 
It has been shown, equation (80), that for perfect ga 



which, when p,,, ?'„, -„ are assumed to be the pressure, volume, and 
temperature for the state of melting ice, becomes 

c- = c + A^-f^- (148) 

By substituting this value of c' in equation (142), we obtain 

<P={c + A ^j log 7 - ^ /^ dp. (149) 

The specific heat of constant pressure c' is evidently equal to the 
specific heat of constant volnme c, increased by the quantity of 
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boat required for au cxiiiinsion corresponding to one tliermometrit' 
degree, iu an unit of iveiglit of t.tie gas. 

If we differentiate equation (149) as a function of p and r, 
wo readily obtain 

.# = (» + ^ai^-.^/||<4,)*-j.*,4.; (150) 

another equation of Eankine auaJogons to (143) and of similar use. 
In the expreaeions (143) iind (150), the factors containing the 
second derivatives 



represent the deviation of tJie gas from the laws of Charles ami 
Mariotte, or from the perfectly gaseous state. 

138, Another form of the general therraodynamio function 
ussd hy Eankine is 

(JQ = rd:p = cdT + TdF; (151) 

in which F is called by him the " metamorphic function," or the 
"heat potential." Comparing this with equation (143), it is 
evident that 

•J a-^ dr 

whence, by integration. 

But if the total work, internal and external, he denoted by 
OT = / iidv, 

dm fdp , 
Tr=Jdr'''- 
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cousequently, 

FdT — Adw (152) 

is the heat equivalent of the elementary work die, or the amount 
of heat required for its performance, independently of the specific 
lieat of constant volume ivliich causes tlie variation of temperature. 



SIMPLE ENUNCIATION BY BANKINE OE THE SECOSD LAW. 

139. As the second law, algebraically expressed in the form 
^q At E^q 

merely asserts, for absolute temperatures, their proportionality to 
the corresponding quantities of heat absorbed and emitted in 
jierfect engines, it is evident that this trath may, conversely, 
be so stated as to constitute an expression of the second funda- 
mental law. 

The work of q being Eq, and A^ and Ec^q being their similar 
submultiple or fractional parts, the above expression may be 
written as follows: 

jiig — q; Mir = r ; nE^q = Eq ; 

or thus 

SAj = q; SAt = r; SE^q = Eq. 

Hence, for the second general law, we have the following enunciar 
tion: if the total heat q, or absolute temperature r, of any 
uniformly heated mass be subdivided into any number of equal 
parts, the energy or work will be the sum of the equal effects of 
those equal parts. 
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is;! 



This is only u particular case of the nioi-e general proposition 
of Eankine in 1850, that, in causing transformation b, the effect of 
a quantity of energy is the sum of the effects of all its parts. 

For this proposition, Eankine gives the following graphic 
constractii.n. Let ABCD be a diagram of energy between the 




two isothermal lines t and t,, and the two adiubatic lines <p 
and ^0, indefinitely prolonged. Let ir be the difference between 
r and To, and such that n^T is equal to r. Then will the area 
ABCD bear to the indefinitely prolonged area MABU the same 
ratio that At does to r. Also, this area ABCD represents the 
tranaformatiou of heat into work represented hy the abstraction 
of any one of the equal parts At into which t is divided, and the 
effect of T is the sum of the effects of its parts «ir. 

For this theorem Eankine also gives the following symbolical 
exposition. Let the temperature vary hy S-, then will the p 
vary by 

AT 



and the quadrilateral ABCD will be 



d by Google 



MECHANICAL THEORY OF HEAT- 

lently, the indefinite or total area AIABN, or the latent 
heafc of espausion, gives 

J'"" = ^'J'P'' 

which is evidently identical ivitli equation (133) already obtained. 

GENERALIZATION OF ABSOLUTE TEMrEllATURES. 

130. For the function of Carnot, ivc have the expression 



giving for all suhstanccs the definition, that absolute temperature 
is the reciprocal of the function of Carnot 

We have also proved, first for the perfectly gaseous state, and 
subsequently for all bodies, equation (128), that the factor of 
integrability A, which renders exact the partial differential 
equations of thermal transformation, is simply r the absolute 
temperature. And the laws of perfect gases establish that, in the 
equation 

A = « + i = r, (153) 

the temperature t is that indicated by an air thermometer; and 
a is the reciprocal of the coeSicient of dilatation for a gas obeying 
perfectly the laws of Charles and Mariotte ; the value of which 
does not differ much from 

a=~- 273°, 

according to the usual centigrade scale. 

These results are of the greatest value, for they give for the 
general thermodynamic function the form 

dq = Td<p ; 
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in Tvhich the factor A, having been replaced by -, is no longer of 
indeterminate signification or vdue. 

Moreover, bj' eliminating the arbitrary indications of common 
thermometers, and subatitutnig for them absolute temperatures 
dependent upon the natnre of heat itself, and which do not vary 
with the therniometric subetanec employetl, ive introduce into 
thermodynamic expressions that generality and clearness which 
belongs to the laws of Nature, eier comprehensive, simple and 
beautiful when clearly understood. But this simplicity vanishes 
if we employ such arbitrary therraometers as those of Fahrenheit. 
Reaumur and Celsius, made capriciously to depend upon tlie 
relative expansiou of mercury and glass, and the pai-ticular tem- 
peratures of melting ice and boiling water. 

Yet, as thermometric observations are nearly all made with 
ordinary thennometers. equation (153) is of great value to convert 
ordinary into absolute temperatures ; provided that we employ air 
thermometers, or reduce the indications of common mercurial 
thermometers to corresponding degrees of the air thermonietcr by 
applying the requisite corrections. 

131. It is necessary that we now seek to generalize the 
definition of absolute temperatures. Heat being due to motion, 
it is evident that, as already stated iu § 70, rest or the absence 
of motion will give the absolute zero of temperatures. But to 
determine this zero and an absolute scale, we have used the laws of 
Charles and Mariotte, This seems inadmissible, in so far as 
absolute temperatures are thus maile to depend upon the expansion 
of perfect gases only. The defect has been removed by Kir 
W, Thomson, by a happy generalization of the definition of 
absolute temperature, so as to make it the same for all bodies. 
In the law of effioiency 
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the temperatures r and ~a are understood to be such as are indi- 
cated by air thermometers ; yet this law is true for all substances 
whatever. So also, therefore, is the law 



hence, absolute temperatures may be deiined to be such as are pro- 
portional to the quantities of heat received and emitted in perfect 
eugiues, or in cycles of Caraot. 

In the language of Thomson: "the temperatures of two 
bodies are proportional to the quantities of heat respectively taken 
in and given out in localities at one temperatui-e and at the other 
respectively, by a material system subjected to a complete cycle of 
perfectly reversible thermodynamic operations, and not allowed to 
part with or take in heat at any other temperature. Or the 
absolute values of two temperatures are to one another in the 
proportion of the heat taken in to the heat rejected in a perfect 
thermodynamic engine, working with a source and a refrigerator at 
tJie higher and lower of the temperatures respectively." 

This definition, thus made to flow from the fundamental law of 
efEeieney, is evidently perfectly genei-al and independent of the 
substance employed; while it accords with and includes that 
deduced from the laws of Charles and Mariotte, 

133. If we make To equal to zero, in the equation of efScieney 



then Qt becomes zero, and the heat q received from the source is 
entirely converted into work. Hence the absolute zero is defined to 
be that value of t^ which would muse ike luhole of the heat lo he 
tiHUzed. 
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133, It should be remembered that the word temperature is 
simply the name used to indicate the relative state of one body to 
auotlier wlieo the colder receives heat from the hotter. And that 
Die measurement of temjieratures by expansion in thermometers, 
based upon the arbitrary assumption that iai"iations of volume are 
proportional to changes of temperature, ia, as we have fully shown, 
not true, even approximately, except for thermometers made of 
pei-mauent gases. Such erroneous assumptions may have answered 
their purposes two centuries ago ; but that volumes vary propor- 
tionally to temperature is now no longer a postulate, which may be 
conceded as a convenient basis for a faulty definition, but a prop- 
osition to be refuted or venfied for any substance by exact experi- 
mental investigation. 

A transfer of heat from a hot to a colder body is thus expressed, 
dq = cd- -\- Idv, 
the first term of the second member denoting the change of tem- 
perature, and the last that of vohjme. These changes are evidently 
perfectly distinct. 

For clearness of conception, we need to bear in mind that 
sensibJe heat, light, and sound are all eftecta of vibratory motion ; 
and as the variations in tho physiological sensation which we call 
differences of brilliancy and colour for light, and of loudness and 
pitch for sound, depend upon the vis viva, or the maximum 
displacement and time of vibration, so are changes of temperature, 
or hotness, analogous functions of the molecular vibrations io any 
substance. 

HEAT MEASUBED DYNAMICALLY. 

134. As heat is energy, or power to do work, it is clear that 
quantities of heat, instead of being estimated in thermal units, may 
be measured by the proportional dynamical work which they can 
perform. For this purpose, we have the etjuation 
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e. = fPdp = Eq, (154) 

in which E is Joule's factor, and t the work or energy coirespond- 
ing to g, the number of thermal itnita or quantity of heat. 
From equation (154) we readily obtain, for perfect e 



another expression for Camot's theorem, in which e and t„ are 
unita of work, or kilogramnietres. 

This simple dynamical mode of measuring heat is often prefer- 
able, and is much used, especially by Eankiue in his book on the 
steam-engine. 

DIFFEEBXT FORMS OP STATEMENT OF THE FUNDAMENTAL LAWS. 

135. The variety of forms used to express the fundamental 
laws may slightly perplex a beginner. It is not sufficient to siate 
the first law thus simply, 

Eq = I fPdp, 

for internal work must be eliminated. 

Hence Clausius, instead of using the equation 

Eq = U+ S, (4C) 

finds it necessary, in all applications, to employ 

dq = AdU + Apde, (71) 

eliminating U in definite integration by Carnofs principle lA 
restoration to the initial state. In his later WTitings, Clausius 
nses the espression 
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dq = dll + rdZ, 

denoting by Z what he caJla disgregaiion. 
Eankine employs the formnla 

dq = cdr + ^dF, (151) 

giving to F, the metamoipliir function, a bignifieation different 
from tliat attached by Clansms to Z, his di'^gregation. 

As a perfectly general and compiehensne statement of the first 
fundamental law, Sir liV Thomson gnes tho equation 



(73) 



rnadu equal to zero W restoration of the system to its initial 
state. 

136. For the second fundamental law, Rankine iiaes the 
function 

* = /'!?■ (129) 

But Clausius employs in hia later writings 





dp _ !dl dc\ 
dT-^KTr^Tv]' 


obtained from 


{p — El) do — Ecdr. 



(182) 

putting it under the form 

/f = 0, (126) 

and calling it tlm principle of the equivalence of tramformafions. 
These formulas had been previously given by Sir W. Thomson, but 
they arc used by Clausiua in a manner quite his own. 
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Both C'lansins and Thomson also L'mploy fov tbe second law 
the equation 

denionstratiug it different!}'. And tlie familiar expression of Car- 
not's theorem, 

lr:_l"=L_— 0, (11!,) 

is freely used by all these eminent men. 

This brief comparative summary is given with the hope that 
it may aid in the study of their original memoirs, to which the 
scientific world is indebted for the investigation of these subjects, 
and all must refer who desire thorough information. 
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APPLICATIOIS OF THERMAL LAWS. 



CHAPTER IX. 

INTRODUCTION. 

137. Having disciissGil tiio gcnoraJ dynamic laws of heat and 
tlie formulas wliich express them, wc propose now to consider some 
of tlieir more impoi-taut applications 

All thermal phenomena naturally divide themselves into two 
classes, those of iniernal, and those of external energy. The latter, 
being accessible to observation, aie alrrady quite well known ; but 
the former, with exceptions onlj; remtiiii hidden and enveloped 
in mystery. 

These exceptions are, however, daily becoming more nnmcrons ; 
and there are few fields of physical discovery more important, or 
promising, than tiiis difficult one of the internal energy and con- 
stitution of bodies. 

We are now familiar with the equations 

EQ=iU + 8 
and 

(JQ=AdU+AdS; 

which express this classification, and in which U denotes iniernal 
and S external work or energy. 



d by Google 



19:2 APPLICATIONS OF THERMAL LAWS. 

138, But before proceeding to apply formuias, it may not be 
amiss to remark upon the method we have adopted to establish onr 
two general fundamental laws, that of J^nle, usuallj lalkd tlic 
iirat, and that of Carnot, Itnoivn as the second 

Yoa cannot have failed to perceive that we have sim^l^ fol 
lowed, link by link, and in historic oi'dei, the chain of ph}sical 
diseovery; thus presenting our two laws, not as mere mathemitieal 
theorems, but as examples of the inductile, or Baconian, method of 
investigation. To sift evidence, each proposition oi obseivatun 
is first challenged and then most soveiely scmtmized bi.foie its 
admission. Lastly, from the facts a general law emliacmg thi. 
whole groiip synthetically, and expressive of the relation bi-tween 
them, is inferred; and from this law deduLtion leads tc its 
consetpiences. Almost always, howcvei the law is firbt onl^ 
imperfectly reached from a few facts, and then is not consideied 
more than hypothesis, to be confirmed or refuttd bj extended 
investigation. 

This inductive method, though slow and tedious, demanding 
patient labour, is yet the only true path of physical discovery,— the 
path of Galileo, of Newton, of Lavoisier and of Fresnel. 

The abstract mathematician, famihar with pithy demonstrations 
in ancient Greek geometry and with short algebraic processes, 
liecomes impatient of tediousness, and fancies simple and comjire- 
honsive ways of reaching his conclusions, Bnt to the physical 
discoverer all is darkness and night, until glimpses of dawn become 
harbingers of approaching day. 

Not as a mathematical proposition, to be ended with quod 
end demonstrandum, was the law of celestial gravitation dis- 
covered by Newton ; nor have other astronomers so found its 
verification. 

And the grand kw of all physical energy, or power, that 
though convertible into many varied fonns it is for them all one 
and indestructible, God alone being able to annihilate what He 



d by Google 



INTRODUCTION. 193 

created, never will or eaii be proved by algebra, but must rest 
solely upon its true basis, that of a wide physical induction. The 
general acceptance of which law is justly regarcled as the most 
important step made in the progress of physical science during this 
century ; a step in which the dynamical theories of heat and light 
have played no minor part. 

We may, with Bartlett, express that universal law by tiie 
formula 

or with Lagrange by 

n + v=c, 

Ciilling it conservation of energy, or of vis viva ; and for a certain 
range of purely mechanical truths we may even deduce these 
o^n-iations from the equality of action and reaction, or from the 
expenditure of power in performance of work. But when wo 
declare them to be the general csprcsaion of the mutual transforma- 
tion and convertibility of any and every kind of physical power, it 
is clear that this truth is simply incapable of mathematical demon- 
sti'ation, and can only be founded apon induction. 

Those habituated iraperfeetly fo algebraic discussion and to 
geometric reasoning are bo aeeustomed to find conclusions correct, 
which may have been reached thereby, that they often fall 
into the error of mistaking shadow for substance, and falsely 
imagine any result proved to be true, if merely so attained, 
Kofhing can be more fallacious, for diagrams are only auxiliary 
pictures, and algebra is but a language of limited extent, invented 
to express relations of quantity and position ; whose equations 
are sentences, composed of verbs, adjectives and substantives ; 
and whose rules are none other than those of universal grammar 
and correct logic. Kor are there two kinds of logic, one lor 
ordinary thought and words, the other for algebraic expressions; 
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l( = /<p 

so much used by Eankine, is algebraically excellent, and from it 
we readily deduce many consequences. Thus, for intanee, tin.! 
law of Caraot 

~Q ^ r' 

or tlie proportionality of absolute temperatores t to quantities 
of heat Q, in cycles of Camot, flows fi-om it directly by definite 
integration, as has been shown in article 130 

But that fundamental formula is objectionable in the feature 
that it contains the indeterminate or arbitrary function (p, for 
which we know the form only in the hypothetical case of perfect 
gases. 

For the law of Joule we have no better formula than that of 
Ciausius, adopted now by all, 

dQ = AdU+ AdS. 
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And for the law of Camot there are noiie better than 

aod 

dr 

which is the tonmila of Thomson, presented {in article 123) as a 
consequence of the law 

and of the partial differential equation (73) of Clansins, 



In article (139), following Eankine, ko have given a simple geo- 
metric construction and demonstration of the proposition 

Idv = At -J,- dp. 
(It 

That mode of demonstration is due to Clapeyron, who first taught 
us how to discuss and use 
cycles of Carnot; and, in 
modified form, we may 
here present it as follows: 
In a diagram of energy 
for an elementary cycle of 
Carnot, the infinitesimal 
quadrilateral area hounded 
by isothermal and adiabatic 
lines is measured by 

Sp ■ 6v ; 

but ds the pressure is a 
fnnction of the temperature 
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hence, that area is equal to 

at 

iind as it measures the mechanical work done, we have only to 
muitiply it by tha proper factor to convert it into heat. 'L'iie 
factor was unknown to Clapeyron, hut is evidently A, the recipro- 
cal of Joule's coefiieient; 

Wo have, therefore, for the heat due to this elementary cycle, 

To find that due to the isothermal change at t from ^ to 0; 
wc have 

■ di' 



which Ciapeyron put under the simpler form 

^-^'dt' 

hut of the factor he could only detennino that it must be a func- 
tion of the temperature and the same for all bodies. 

Beyond this he was unable to go, for with Carnot he ascribed 
mechanical work done by heat to an imaginary chute de chaleur, 
rather than to the transformation of one kind of energy into 
another. The material liyi>othesis demands that Jy in a chute de 
clmleur be zero, which renders I infinite. It was, therefore, impos- 
sible for Carnot or Claiieyron to do more. 
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But t!ie labours of Clausius, Thomson and Rankine have since 
proved that for cycles of Carnot 

6q : «j :: 6t : T ; 
which gives 

whence 

lit 

We have seen how difficult it is iu the science of heat to define 
what is meant by temperature, otherwise than by aeeribing it to the 
vis viva of vibrating particles, ond regarding it as a state of motion. 
As ordinarily employed, tlie word implies a certain condition of the 
mercury in a thermometer, indicated by and Tar}-ing witli its 
volume. Evidently, as any definition is arbitrary, we may adojit 
the proportionality of absolute temperatures r to their correspond- 
ing quantities of heat q, absorbed or emitted in cycles of Carnot, 
not merely as a physical law, but rather as the very definition itsi'lf 
of what are called ahsohite temperatures. From this definition, 
then, based on induction, will flow not only Oamot's theorem, as 
its ennncution, with all the important consequences and applica- 
tions thereof, but also the valuable formula just established for the 
relation between tlie heat expended, or developed, in the mechani- 
cal work of expansion, or compression, in any and all substances 
whatever. 

We may evidently put that formula for the latent heat of 
expansion into the shape of the definite integral 



f: 



'w. = .lr(._B.)J, 



which we shall call the equation of Clapeyron ; who first gave ir, 
though in the modified form. 
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-. C(V 



" dt' 



denoting by C an unknown function, identical for all bodies, but 
since determined ; and wbo also not only gave it, but pointed out 
clearly its great utility and important applications. 

The reader who wouid entertain just views of the liistory of our 
subject should remember always that the labours of Caniot and oi 
Olapeyron constituted, for Clausius, Rankine and Thomson, the 
starting-point of all their admirable mathematical investigations. 



VAPORIZATION. 

140. Until, in the year 1818, tiay Lussac had indicated the 
contrary, it was always imagined that the temperature of boiling 
remains constant for a given pressure or tension. He found it to 
vary with the nature of the containing vessel, and to be higher in 
glass than in metals. He also drew attention to the irregular and 
explosive manner in which boiling takes place for many substances. 

Subsequently, in 1843, Marcet found that, if glass vessels be 
firat washed with sulphuric acid, they adhere more tenaciously to 
water, which, therefore, requires still higher temperatures in them 
for its ebullition. And in 1846, Donny observed that in a glass 
water hammer the water may be superheated many degrees, and 
until it gives off its vapour explosively. 

Also, in 1863, Dufour further investigated this subject and 
found that when a portion of one liquid is completely enveloped 
by another liquid less volatile, the former may be heated far 
above its temperature of normal ebullition without vaporization. 
The Bmallest bubble of gas, or of escaping vapour, however, at once 
changes the whole phenomenon. 

Another enrioas and interesting fact has been studied by 
Abel, who finds that, when the chloride of nitrogen is covered by 
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air only, it may be exploded gently, pushing ba^k the incumbent 
iitmosphere without breaking a containing glass vessel ; but if it 
be coated by a mere film of water, then it will explode with 
eiioraioua and destructive violence. 

In this curious fact, it would seem that the inertia of the 
film of water must play an important part, giving time for the 
explosion to extend through tiie entire mass; but when air 
alone is pushed away the manner of explosion appears to be by 
successive superficial layers or films, and therefore gradual ami 
gentle. 

Here we cannot fail to think of the analogy presented to thesp 
facts by the well-studied phenomena which occur In the compara- 
tive use of gunpowder and of those more violently explosive 
substances called bursting powders. One of the chief advantages 
of gunpowder in its varied uses, and absolutely necessary in 
artillery, being its gradual, or successive, mode of combuslaon, 
gmin by grain ; while bursting powders ignite in mass 
simultaneously, and consequently act with uncontrollable 
violence. The inertia effect of the film of water iu the experi- 
ments of Abel also bears a striking analogy to that of the small 
quantity of sand used to cover the charge of powder in blasting 
rock. 

Another phenomenon equally curious and important is that 
first observed by Cagniard de la Tour: that water and other 
liquids highly heated iu strong confining vessels first expand as 
liquids and then at definite temperatures and pressures pasa 
wholly into gas or vapour, leaving no surface of separation or 
visible liquid portion. This very remarkable change has quite 
recently been studied with great care by Dr. Andrews for carbonic 
acid. The results of whose experiments tend to show that fluids 
pass from the liquid into the gaseous state by continuous and 
imperceptible degrees, and not discontinuously, or per saltum, 
so that they are connected as it were by cvciy intermediate state 
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or degree of fluidity ; just as some solids pass into liquids through 
every degree of viscidity, — butter and pitch for instance. 

The experiment of Donny easts a faint light upon thosn 
horrihiy violent explosions of steam boilers which sometimes occur 
at temperatures and pressures too low apparently to aeconnt for 
their evidently enormous development of force; and which have 
not yet been sufficiently investigated. 

Here too we should perhaps allude briefly to that repulsive action 
of overheated metaia ■which prevents water and other liquids front 
cnfilming or adhering to them, and thus allows their own cohesion 
to form small portions into drops which roll freely over the heated 
surfaee of the metal ; a circumstance which led Boutigny and some 
others to infer very erroneously a fourth state of matter, by them 
called the spheroidal state. The spheroidal form of any liquid 
drop, or babble, is, however, merely the mechanical consequence 
of cohesion, acting between its molecules and shaping its surface 
into equipotential forma of equilibrium ; which will be spherical, 
only when there is neither rotation, nor any external force of 
distortion, such as gravity, or atmospheric resistance, acting 
upon its particles and that unequally. No one acquainted w-ith 
the researches of Laplace and Poisson on capillarity can be for a 
moment misled by this imaginary spheroidal state of Bontigny. 

The researches of chemists tend to prove that all solids may be 
by heat converted into liquids and vapours; some such as camphor, 
calomel, corrosive sublimate, chloral and ice passing apparently 
into vaponr without intermediate liquefaction. With such excep- 
tions, the familiar changes of ice into water, and of water into 
vapour are, therefore, typical for all bodies. 

In many instances the phenomena called by chemists alMropism 
and isomerism are certainly thermodynamic ; take for instance the 
effects of heat upon caoutchouc when distilled, converting it 
entirely into varions liquids, separable by redistillation at different 
temperatures, but all called by the common name caoutciioucina. 
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and all identical in substance and capable of being converted by 
still higher temperatures into oiefiant gas. Or again, take tlif 
numerous other and quite similar compounds of carbon witli 
hydragen, presented to us in the products obtained from petroleum- 
gas fcar, etc. ; some of which are very interesting in their applica^ 
tions, especially tliose which give the brilliant new dyes known &s 
analine colonra. For all of which chemical changes the pui'eiy 
thermal phenomena are as yet unknown. 

We cannot, however, fail to see that the various definite 
compounds, called caoulckoucine, are but intermediate steps of 
stabk equilibrium between viscid caoutchouc and oiefiant gas; 
links as it were of a chain connecting the liquid and gaseous 
states of the same body, and wliich differ probably iu their heat- 
potentials, or laient heat. They also may vary in the quantity and 
manner of their uniou with the luminiferous ether pervading 
space and ail transparent substances ; variations which chemists 
generally ignore, .only because they are imponderable; but 
imponderabihty is no pi-oof of non-existence. And as air in air, 
or water in water, weighs zero, so may ether in ether ; even for it, 
therefore, weight as well as inertia may exist, though hitherto 
undetected. Could we hut condense other, the famous experiment 
of Galileo might be repeated upon it, ii the extraneous forces Ijc 
not in equilibrium. 

As liquids pass into vapour when heated, or when, as in the art 
of refining sugar, evaporation in vacuo is made to take place at low 
temperatures by removal of pressure, so conversely vapours are 
converted by combined cold and pressure into liquids. In 1823, 
Faraday first liquefied chlorine and some other ^ses by cold and 
pressure in glass tubes, but subsequently he thus succeeded in 
liqnefying all the known gases, except those few only which are 
called permanent ; thereby proving, that there is no physical 
distinction between a gas and a vapour. 
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SATURATED VAFOtTR. 

141. Though such irregularities as the aboye-mentioued do 
occur, yet generally liquids pass into vapour, and gases liquefy, 
under normal pressures and temperatures. 

Thus for any given pressure what is called boiling, or ebullition, 
usually takes place at a fixed temperature. But this boiling is 
only the mechanical agitation caused when the expansive force of 
the vapour becomes sufficient to overcome the external pressure, 
which is usually that of the atmosphere, and therefore lower on 
high momi tains. 

At any and all temperatures and pressures, from ice as well as 
from water and other liquids, vapour escapes in the state known 
as that of saturation. That is to say, of such masimum density 
that any increase of pressure, or decrease of temperature, will 
immediately cause partial condensation, while reverse changes 
produce additional vaporization. 

When aqueous vapour, in contact with the surfaces of cold 
bodies, becomes chilled down below this state of saturation, it 
deposits upon them in tiie condensed form of deio or frost j the 
corresponding temperature is therefore called the dew point. And 
tlie formation of mists, clouds, rain, snow, etc., is dne to the 
operation of like causes of condensation. 

Hence, there exists for all saturated vaponrs, between the 
temperatui-e, pressure, and specific volume, or density, a relation 
jierfectly determinate, though unknown, which we can only express 
by an arbitrary function, 

<p (pvt) = ; 

but for which Kegnault has given the following empirical formula, 
first proposed by Biot, 

logjj = a — ba;' — ca^j', 
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and / denotes the temperature centigrade. For the constants 
Keguault gives the following values : 

a = C.2640348, 

log b = 0.1397743, 

log c = 0.6934351, 

log «, = 1.994049392, 

log «„ = 1.998343863. 

And he also gives the following table, more convenieut generally 
than any formula: 



.T.OS. 


TKM.. 


.™o«. 


TEMP. 


ATMOS. 


TE.r. 


1 


100° 


8 


171° 


15 


199° 


2 


121 


9 


i7e 


16 


303 


3 


134 


10 


180 


17 


205 


4 


144 


11 


185 


18 


208 


5 


152 


12 


188 


19 


310 


6 


159 


13 


193 


20 


213 


7 


165 


14 


196 


21 


215 



LATENT HEAT OF VAPOUE. 

142. The heat which does the work of liquefaction for solids, 
or of vaporization for liquids, was called by Dr. Black latent, 
because it hecomes emmagazimd as enei^, without causing any 
variation of the temperature. Thus stored up. it is capable of 
being liberated, or of becoming free to affect the temperature of 
other bodies. Hence, when steam is condensed by contact with 
fold bodies, it is found that it can heat up nearly five and a Jialf 
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times it8 own weight of water from 0° to 100° centigrade, or from 
freezing to boiling. It is, therefore, said to absorh or to «mit 
nearly 550 units of latent heat. Evidently, this quantity is 
greater than is requisite to lieat substances above redness ; and we 
see how admirably steam is adapted to warm buildings ; throiigli 
which it is conveyed in iron pipes, which act as efflciently as 
if they were red-hot, but need never be made hotter than 100° C. ; 
thus obviating all danger to property of destruction by fire. 

It may readily bo shown that the latent heat of vaporization 
is a maximum yihQa this change takes place normally. For this, 
let the unit weight become vapour at the temperature f^ and under 
the constant pressure p,,, and let this vapour be afterwards heated 
to the higher temperature t, the requisite heat will be 



«=^ + /' 



.dt; 



in which X is the latent heat of vaporization, and e, is the spocilic 
heat of the vapour. 

Again, let the liquid bo superheated, as in the expenmeiifc of 
Donny, or in those of Dufour, to the temperature t, and let it 
then pass into vapour. All of these changes being supposed to 
occur under constant pressure. Then for this second mode of 
change, the requisite heat is 

Q = X, -\- f cdt. 

As the initial and final states are identical for both eases, 
it is clear that the value of Q is the same for each. Hence we 



= A, + 



f\c - c) dt, 



which proves that X is greater than A, , for it is found by obsen-a- 
tion that the specific heat of liquids c exceeds c,, that of their 
vapour. 
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This may be illustrated by a diagram, 
le ac indicates the 



1 wliieli the horizontal 



li 

coustant pressure, 

mid the area acc'a' 

measuring Q ia the 

siuno for both modea 

iifehange. Thework 

due to A ia denoted 

by the area abVd, 

greater than that of 

/.^,ortbeareiirfcc'(i'; 

and the area add'a, 

showing the auperheating from f„ to t of the liquid, is greater than 

bccJ}', which shows the superheating of the vapour. 




TOTAL HEAT OF VAPOUE. 

143. We have akeady, in the historical introdactioii of this 
n ork, remarked upon the erroneous hj"pothesis of Sir Jamea Watt 
tluit, for water heated from zero to any temperature t, and then 
converted at this temperature I into vapour, the sum of the free 
and latent heat due to these changes respectively is always constant. 
And ive have also stated that this error was corrected by Eegnanlt, 
who foand for such a change the simple law 



(15!) 



Q ■= a -\- bl ; 

in wliich t denotes the temperature, and a and h are < 

whose numerical values his observations show to be very accurately 

those of the formula, 

6 =1 606,5 + 0.303/. (158) 

The hypothesis of Watt would make 6 equal to the constant a only. 
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To the heat indicated by formulas (15i, 158) and requisife iirst 
to iieat a unit of water from 0° to t° centigrade and then to evap- 
orate it at t°, Eegnanlt has given the fictitious name of ihe totai 
heat of vaporization; which we here give only because, though false, 
it ia much used by some writers, and needs, therefore, carefid 
delinitiou to guard against errors which are apt to flow from the 
false use of common words. 

To obtain from these formulas of Eegnanlt one for the latent 
heat of Taporization of water at the temperature i°, it is evidently 
only necessary to subtract from 6 the heat required to raise t!io 
unit of water from 0° to t" centigrade ; which givea 



= «-r 



cdt. (159) 



Although c, the speeiflc heat of water, is equal to unitj' only 
between 0° and 1° centigrade, yet it varies so slightly that for 
all practical and many theoretical purposes it may be regarded as 
unity and constant. Hence we obtain, 

X = 606.5 — 0.695if; (100) 

as the numerical formula given by the data of Regnault for com- 
puting the heat requisite to evaporate the unit weight of water at 
any given temperature i centigi-ade. 

For very exact purposes, Eegnanlt gives for the term of 
reduction 

f cdt = i + Q.mm-U^ + O.OOOOOOils. (161) 

In applying formula (160) it is sometimes necessary to separate 
the internal from the external work. For this 



-/>'■). 
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and if we put p e<inal to the mean atmospheric pressure, 'iSO'"'"; 
liie data oi ficgaault give for ivater, 



i/V- 



The greater part of the latent heat of evaporation is ttiereCorf 
consumed in overcoming cohesion ; and only about IS per cent 
thoveof is available for external work. 
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CHAPTER X. 

ON STEAM AND OTHER VAPOURS. 

Having giren the principal physical phenomena of vaporization, 

we now propose to obtain and discuss the general formulas needed 
for their practical and theoretteal applications; and for whicli 
we are indebted chiefly to itankine, Thomson and Clausius. 

FoRMnLAS FOR ELEMENTARY VAPORIZATION, 

144. In the boiler of any steam engine after all air has been 
driven out, there exists onlT a mass of wittr ind of saturated 
steam. For such a variable mixture of liquid and vipoui my 
additionof heat will cause a variation of pressure and temperatuie, 
both in tho vapour and in the lii[Uid, and these changes will be 
denoted for an unit of weight by the general formula 

cdr + Mp. 

lint as the pressure is a function of the temperature this will 
l>ecome for the vapour, or steam, 



= h"l)*. 



"f)- « 



An importa'nt formula for the coefficient of temperature ? 
is called the specific lieat of saturated vapour. 
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Analogously, we liave f>r au unit weight of the liquid the 
precisely similai- formula 

».' = (.'+/.|). (183) 

Let now an unit of the mixture composed of a variable part x of 
saturated vapour, and 1 — a- of the corresponding liquid, pass from 
the physical condition denoted by the independent variables v. aud 
t to that for whicli they will become x ■\- dx and t + d-. Then 
if /, be the latent heat, or coefBcient of vaporization, 

dQ = Xdx + mxdT + m' (1 — x)dT (1G4) 

will evidently be the heat required. 
This equation is the same as 

^ = - (/j; + \iyC + {m ~ m') x] ^- (1(55) 

But 



is an exact difiereatial; and therefore, 

'^;Ji = -)i (166, 

Which, by differentiation, gives 

- — J- TO — 7n=i- ; (lb I ) 

ml important formula of Sir AV. Thomson between the coefficients 
A, m, in', from which x has been eUminatod. 
But the formula of Clapeyron (156) gives 



=^(.-..) 



dp 
3r' 
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and therefore 

This cqu;itioii {IGt!) first given by Clausius, expresses in the most 
general and completa manner the relations hetween the latent heat 
of vaporization ami the chanj:;es of pressure, volume and temper- 
ature. 

145. The equations of Thomson (1G5. IGC) give 

-- =m — + xd\^] -{--dx; 



= m'^ + d{''f\- (1€0) 



From which as -ni is a funotion of the tcmpci-.itnre only, we obtiiiii 

and if he constant, this will he fhc equation of an iidiabatic hiif. 

146. If wc denote by .s the specifie vohinic of Ihe siitnrated 
vapour, and by s„ that of the liquid, Uien for the uuit mass of theii- 
mixture, the total volume will he 

v = sx + s,{l~- x) , 
or 

v=,, + {,-,,)x; (170) 

for which x and r are tlie independent variables, ITenec 

* = 'I'l ,1. + .c 'liL;z<i,,, + (,, _ ,,) ,i,. 
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And if Via combine this eqiiation with (1G5) iiud iviUi the general 

tbrnmla 

dQ = Adll + A27dv, 

ive sliall readily obtain for internal energy, 

AdU=lvi' + {>n-m-):(']Jr 

+ [/l — Ap (s — So)] dx. 

But as t and x are independent variables, this efination gives 
the partial derivatives 



- ,, , Vdst, , (/ (s — So)~l 



dtdx '- d! ' 

.J'U di, , , ^dp , d(i-x,) 

And equating these values we again find 

§ + ■»'— ''('-)|- c^i) 

Which is evidently identical with equation (168), for a and ,>.■„ aic 
the same as v and v,, ; bnt this more analytical demonstration, 
due to Clausius, gives another and elegant mode of arriving at the 
same result. 

And if we combine the second member of the equation just 
obtained with the second of equation (1G9), wo have 
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or the equation of Clapeyron, changed from tlio form {150) in 
letters only. 



GENERAL APPLICABILlTT OF fORllULAS. 

147. Tliongh we shall pass in detailed review many of the 
mure important applications and eonsequeuces of tlie general for- 
mulas just deduced, yet to give the reader a clear idea of their 
signification, the following remarks may not liere be inappropriate. 

It is e\ndent that if, instead of the vaporization of a liquid, wc 
aasumc the phenomenon to be that of the liquefaction of a solid, 
ioo for instance melting into water, then all the above formulas 
applicable in the one ease become equally so in the other. 

Equation (173) gives 

di = A'^-{^ — f:,)dp, (173) 

which shows that, if s be greater tlian Si,, as for the raporiaation 
of water, and for the liquefaction of some solids, then increase of 
pressure will cause an eleYation of the boiling or melting point ; 
bnt when s is less than s^, which happens for melting ice, then 
increase of pressuivB will lower the temperature of the melting point. 
Prior to the deduction of this consequence from the mechanical 
theory of heat, it was imagined and believed that the melting 
liointa of solids do not depend at all upon pressure. And, though 
it was known that wat«r is often chilled below its freezing point 
without solidification, yet ice was believed to melt always at a fixed 
t-emperature ; which was, tlierefore, adopted as one of the fixed 
points for the scales of ordinaiy thermometers. That melting, as 
well as boiling, varies with pressure, was therefore a new and 
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important discovery, first deduced theoretically, or predicted, by 
Prof. James Thomson in 1848 ; whose distinguished brother, Sir 
AV. Thomson, soon afterwards Ycrified that prediction bycxpcvi- 
meni Thus do true physical theories anticipate obscrratiou, and 
prove in the hands of able mathematicians powerful means of 
valuable aud unexpected discovery. 

148. Another and even a more interesting and valuable dis- 
covery, or prediction, is that made, in 1850, simultaneously by 
Eankine and by Clausius, as a mathematical deduction from theory, 
and which, in 1853, Him verified experimentally; to wit, that 
saturated steam expanding in the cylinder of an engine loses 
latent heat converted into mechanical worli, and consequently 
becomes partially liqueiied. To this discovery we have already 
referred in the historical introduction to this treatise ; but it is of 
such importance that it demands complete discussion; nor can 
that be done bettej- elsewhere than here. 



LIQUEFACTION OF EXPASDISG SATURATED VArOUE. 

149. The data of Eegnault for the latent heat of steam prove 
that in equation (167) the second member is greater than 



[dr' 



lience in the first member m, the specific heat of saturated steam, 
must be negative. 

We will give the interpretation of this negative value of ni 
in the very words used by Eankine (Trans. Roy. Soc. Eilin., Feb. 
1850, t. xs., p. 171) to announce it to the scientific world, wovds 
which recorded it forever: 
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"The kind of specific heat under cnnsideiation is a negative 
<iiuatity, that is to sav, that, if a gum weight of vapour at 
~--tmxtioii IS increased m temperatnre, and at the same time 
i-Hiitained hy compies>ion at the maximum elasticity, the heat 
"oueiated by the compression is greater than that whuh is 
i^ipmed to produce tht elevation of temperature, and a suiplns 
or heat IS given out and on the otherhand.it riponi at satura- 
tion 13 allowed to expand and at the same time maintained at 
th tempeiatuie of saturation, the heat winch dusappeain in pro- 
dnang the expansion is greatei than that set free by the fall of 
tempLiatuie, and the deficiency must he supplied fiom ^vithout, 
iilherwisc a portion aj Urn vapour will be liquefled, in order to >>»ppltl 
the heat necetiari/ pi the expansiOJi of ikt, rest " (The italics here 
given Tvere used by Eanbiue.) 

"This circumstance is obviously of great importance in meteor- 
ology and in the theory of the steam-eugino. There is as yet no 
cxperimeutaJ proof of it" (Since so proved, in 1853, by Him.) 

" It is true that in the working of non-condensing engines, it 
has been found that the steam which escapes is always at the 
temperature of saturation corresponding to its pressure, and carries 
along with it a portion of water in the liquid state; but it is 
impossible to distinguish between the water which has been lique- 
fied by the expansion of the steam, and that which has been carried 
over mechanically from the boiler." 

We have already stated how Hirn, in 1853, by using a hollow 
cylinder, connected with a boiler and with the air by tubes and 
stopcocks, and closed at its ends by glass plates, was enabled 
to see the condensed clouds which form when saturated steam 
expands; thus verifying Eankine's admirable theoretical conclu- 
sions, and thereby completing the most important discovery con- 
ceiTiing the steam-engine, which has been made since the day of 
Dr. Black and of Sir James Watt, its grand inventor. 

Well may the glorious old University of Glasgow now be proud 
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that, as in 1750, from those eminent men within her walls, the 
ii-orld received its Icnowledge of latent heat and of the steam- 
engine ill its present form, so likewise, a centuiy later, in 1850, to 
her distingnishcd professors, Eankine and Thomson, has that 
world been also indebted for mneli of what has been achieved in 
perfection of that knowledge. 

150. The discovery of Eankine, and the importance of the 
negative value of the coefficient m in the theory of steam, may be 
i-endored clearer by the following analytical discnssion thereof. 

Let any qnantity of saturated vapour saffer the change fh, and 
denote by (?g the heat due to such a variation of temperature in 
a unit of mass. Then will 

dq = md-r. 

Take as independent variables the heat q and the specific volume 
v, or the reciprocal of tlie density ; we have 

dq = in "T dv, 
' dv 

which gives 

dii ___ dv 
dt ~ dq 

Observation proves that the first member of this equation is 
negative, for the density of saturated steam increases, or its specific 
volume decreases, with the temperature. And as m is also negative 
for steam, or aqueous vapour, it follows that the ratio of do to dq 
must always be positive; or they must both have the same alge- 
braic sign. 

Hence, when compression occurs, dv is negative and dq will 
also be negative, or heat will be emitted, causing the vapour to 
become superheated. 

But if expansion take place, dv and dq will both be positive, or 



d by Google 



216 APPLICATIONS OF THERMAL LAWS. 

lieat musi be absorbed. If, therefore, as in the cylinder of an 
engine, this expansion be so rapid tliafc lime is not given to allow 
heat to be absorbed from other bodies, then one portion of the 
saturated steam will be liquelied to furnish latent heat to the 
remainder and preserve this in the state of saturated vapoar. 



SPECIFIC HEAT OF SATUKATED VAPOUIt, 

151, As the speeiflc volume w is a function of the temperature 
t, the increment of heat given to a unit of any saturated vapour is 



dq =^ mdt = 



\dl 



Therefore, the coefficient m, or quantity within the brackets, is a 
binomial of which the Srst term is positive ; but its second term is 
composed of two factors, of which one is positive and the other 
negative. Hence the two terms of the binomial are of opposite 
signs, and its value may be either positive or negative for different 
kinds of vapour. 

The observations of Ecgnault and others upon the specific heat 
m' of different substances and upon the latent heat A of their 
vaporization, enable us to calculate for them respectively the values 
of m, the coefficient of dt. This is readily done by aid of the 
eqnation (167), put for this purpose under the form 

*" = (s + "'') - \- <""> 

in which the term within brackets is simply the derivative of what 
Eegnanlt has called the total heat of vaporization. 

In this manner Clausius first obtained for steam the following 
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imiGBADID. 


conmciiKT. 


0° 


- 1.916 


50- 


— 1.465 


100° 


- 1.133 


150° 


~o.8ra 


200° 


— 0.676 



And similarly, from obsorvatioas by Eegmmlt, others have 

since calculated the values of m for tlio diCFerent liquids of the 
following tabic: 

/". " m. 

0° + 0.1 IG 

40" + 0.120 

80° + 0.138 

120° + 0.133 



— 0.184 

— 0.171 

— 0.164 

— 0.163 

— 0.107 

— 0.047 
+ 0.001 
+ 0.050 
+ 0.073 

— 0.155 
^ 0,038 
■ f 0.048 
+ 0.115 
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These results show that benzine and ehloi-oform behave hke 
sulphuric ether at high tempeintnres, but like water and iiio 
sulphide of carbon for low temperatures. Also we see that tliero 
must exist for each of them a particular temperature, called that 
of inversion, where the sign of m changes from negative to positi-.o. 
This temperature of inversion is readily calcuhtted from 
equation (174), by making in it m equal to zero ; and is for 
benzine about 120° centigrade- 
It is also easy to see that all these numbers increase with 
the temperature; and therefore, that for water there should 
exist a temperature of inversion which Eaukine calculates at 
520° cent. ; and for ether it would be — 11G° centigrade nearly. 

At this temperature of inversion, for which m is zero, a slight 
compression or expansion will not cause either superheating or 
condensation. But below it expansiim produces liquefaction ; 
and compression causes saturated vapour to become superheated. 
■\Vhile precisely reverse phenomena take place at temperatures 
above tJiis point of inversion. 

'153. The conclusion just stated, that a vapour for which in 
is positive behaves Tinder compression, or expansion, in a manner 
opposite to that of one for which m is negative, was simply and 
beautifully verified by Hirn. Tor ether m is positive, and for the 
sulphide o£ carbon and for water it is negative. 

Hirn therefore took a glass globe into which he put some 
ether ; and then attached to it a pump, or syringe, of sufScient 
size. This he then heated by plunging it entirely under hot water ; 
and when all air had been driven out by the vapour of the ether, 
through a stopcock for that purpose, the piston of the syiinge, 
which had been pushed outwards by the vapour, was quickly 
forced inwards ; and immediately a cloud of condensed vapour was 
observed in tlie glass globe. When this same experiment was 
ti-ied with the vapour of sulphide of carbon, compression produced 
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no cloud whatever, but the vapour in the globe retaineti, as it 
sliould do, its perfect clearness and tmnspai-oncy. 

We have already given (see article 10) calculations which show 
of what great practical importance it was to have discovoj'cd 
the liquefaction of saturated steam by expansion in the working 
cylinders of engines. And it is, therefore, unnecessary to recur to 
them here. 

DENSITY OF SATURATED STEAU. 

153. From the equation of Clapeyron, or formula (173), it is 
clear that tiie specific volume s, or its reciprocal the density, may 
be ivadily calculated from Begnault'a data for the latent heat /, 
and for p the tension or pressure. 

TJie experiments made by MM. Fairbairti and Tate, to whieii 
we have referred in article (83), allow such calculations to be 
compared with the results of observation ; and this has been done 
by Clausins, &om whom we take the following table, in which the 
values of s express in cnbie metres the volume of saturated vapour 
produced by a kilogramme of water: 





„,,,.> „p,. 


Calculated. 


Observed. 


Law of Maiiotic. 1 

; 


58-.21 


8.23 


8.27 


8.38 \ 


77.18 


3.74 


3.73 


3.84 


9a.6G 


3.11 


3.15 


2.18 


117.17 


0.947 


0.941 


0.991 


130.67 


0.639 


0.634 


0.674 


144.74 


0.437 


0.433 


0.466 



The apparatus used hy MM. Fairbairn and Tate was necessarily 
1 complicated that we shall not attempt any description of iL. 
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And when we boar in mind how difficult it is to observe values of 
s mth any aecnraey, it will be seen that the eoncotdauce between 
the observed and the calculated values of s in the above table is 
quite satisfactory, but that they both differ much from values 
given for s by the law of Mariotte previously and erroueously 
adopted. 

As the values of s decrease with the temperature, it is evident 
that the densities, their reciprocala, must increase, and that they 
follow a very different law from that of Mariotte. 

The values of s being the number of cubic metres of vapour 
which weigh one kilogramme, it is easy to get from them the 
weights of one cubic metre. And then, by comparing these with 
the weight of a cubic metre of air, nnder like conditions of 
temperature and pressure, we may obtain the ratios of their 
relative densities. I'ormerly, the ratio of the relative density 
of steam to that of air was falsely supposed to be constant and 
equal to 0.633; but this error was due to the ignorant assumption 
that they both obey the law of Mariotte. 



EMPIRICAL FORMULA OF ZEUiTEE. 

154. It is of course very desirable to obtain for saturated 
steam a formula expressing the relation between the pressure, 
specific volume and temperature, or in other words to ascertain 
the form of the function 

^{prl) = (}. 

This has been done to a certain degree of approximation by 
Zeuner ; who has given for that purpose the empirical formula 

ills" = 1.704; (175) 

in which 

n= 1.0C46; 
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and as both the pressure p and t!ie specillc volume s are functions 
of the temperature it can hn omitted. 

To show to what degree thia formula may be relied upon, 
Zeuuer has computed for the densities m, or reciprocals of .«, the 
values of the folloiviug tabic, aa given by hie fonnuUi and by 
observation : 



DENSITY OS- STEAM. 


P 


... CddulaUd 


<j Obicned. . 


P 


u Oalcvlated. 


u ObscTEed. 


t 


0.606 


O.fiOQ 


6 


3.203 


3.363 


3 


1.1 ea 


I.IO.'J ' 


8 


4.374 


4.274 


y 


1.701 


1.703 


10 


5.370 


5.270 


4 


3.239 


2.230 , 


13 


6.255 


G.954 



The prossarea p are here expressed in atmospheres. 

It is evident from this table, that formula (175) may be 
regarded as an approximation sufficiently exact for all practical 
pui-posea. Bat as it is entirely empirical, it is far better for exact 
theoretical purposes to use for calculating s the equation (173) of 
Clapeyron ; which we know to be absolutely true and applicable to 
bodies in every physical state. 



GEOJIETEIC CfEVE FOE SATrEATED VAPOtR. 

155. With the values of s given by the law (172) of Clapeyron, 
or by formula (175), we readily construct the curve whose consecu- 
tive points represent corresponding physical states of an unit of 
saturated vaponr, for which the pressure, density, and temperature 
so vary that it remains dry and saturated, without liquefaction or 
superheating. And formula (175) shows that this curve of 
saturation must be a species of hyperbola referred to asymptotic 
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axes p and v, and which viirics more rapidly for ordiiiates p than 
foi' abscissas v, because thy constant exponent h exceeds tmity. 
Let now cc repre- 
sent this curve of 
Batnration, and let it 
be cut at any point o 
by the horizontal line 
mm' and hy the adia- 
batic lines aa' and l>h'; 
the former aa for 
steam, and the latter 
hh' for the vapour of 
sulphuric ether. 

When a quantity 
of saturated vapour 
is superheated under 
constant pressure, both its temperature and its volume increase : 
and such a chango may always be denoted by the line om'. 
Eeversely, when it is chilled a portion liquefies and the volume 
diminishes, which may be represented by the line om. We sec, 
therefore, that the curve cc' separates the angular space between the 
axes into two regions, one to the right and above the cni'vo 
indicating snper/wated vapour, the other to the left and below the 
curve showmg liquefaction, 

Hcnco of the two adiabatic lines cutting cc dissimilarly ;it o, 
one aa shows for steam the liquefaction caused hy sudden e:i|iau- 
sion and the superheating due to compression ; while the other bh' 
indicates for ether phenomena precisely reverse. 



p 


■; 


i 




t 


_e 




A 












^ 



Here it may be not inappropriate to refer to the cloud of 
condensed vapour which forms whenever a jet of steam escapes 
into the air, as a familiar phenomenon due to a sudden, and there- 
fore to an adiabatie, change of vohime, one portion of steam giving 
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np its latent heat required for the expansion of another and thus 
becoming liquefied, rather than to any chilling effect caused by 
contact with cold air, which is well known to be an almost perfect 
non-conductor. 

To those acquainted with the thermodyuamic theory of stonr-s, 
urged by the late Mr. Espy, — a theory to which, in the opinion oi , 
the writer, proper attention and respect was not paid, —the adiu- 
batic foiination of clouds, rain, hail, and snow in the upper 
atraosphei-e will appear as a rich field of meteorological research, 
of which Eankiue caught only a faint glimpse; one distinct 
enough, however, to cause him, in one of the passages above 
quoted, to cite the explanation of such meteorological phenomena 
as an important application of his discovery. 



ADIABATIC CHASflES IN SATURATED STEAM. 

156. We have obtained for saturated vapour, or steam, the 
fundamental equations (168) and (112), which in the moehanieai 
theory of heat as applied to the steam-engine take the place of the 
two genei-al laws of Joule and Carnot; and we now propose to 
determine from these equations the variable quantity of vapour x, 
the volume v, and the work S, considered aa functions of tlio 
teniperatuix! when, as in cither end of the working cylinder of 
an engine closed by its moveable piston, the variable mass, partly 
liquid and partly vapour, changes its volume adiabatieally, without 
loss or gain of heat, but performing external work positively or 
negatively. And in these demonstrations we shall follow chiefly 
Clausius (" Theor. Mec. de la Chaleur," t. i, p. ISO, 3d edit., Paris. 
1868), who first gave them. . 

157. PfiOBLEM I. — To determine 3-, the qnanliit/ of vapour, for 
any temperature r, when x^ , the quaniity for a fjivcn temperature 
Tvj, is knoion. 



d by Google 



224 APPLICATION'S OF THERMAL LAWS. 

It is perhaps scarcely necessary now to say that the letter 7 iu 
the notation we adopt always denotes the ausolut« t«inpGratiirc 
corresponding to that denoted by t for the ordinary oentigruilc 
scale ; or that a is the latent heat of steam. 

As the change is adiabatic, equation (1*!4) wil! become 

Xdx + x {m - m') dr + m'dr = 0; 

hut, by equation (107), 

,, dX X 

lience, by substitution, 

{Xdx + zdX) — x^dr-\- m'dr = ; 
or 

d(Xa-)^x^^dT + m'dT = 0. (176) 

Dividing this equation by r, uud observing that 

we obtiiin 

« I— • 1 + m ^ = 0. 

Whence, by deflnito integration, 

As the specific heat of a liquid m varies very slowly with the 
temperature, it may generally be considered constant, which gives 

-«=i-°3-„-m'log4^- (178) 
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From which equation the data of Regnault allow a: to be easih' 
calculated. As an example, Clausius gives the values of x of tliu 
following table, computed fur a quantity of steam in a cylinder, 
s^ituratcd and without liquid at 150° C, but becoming superheated 
wlieu compressed, and partially liquefied by dilatation: 



! ^"' = 


150° 


135° 


100° 75° j 50° 


25° 




1 


0.95ti 


0.911 1 0.866 0.831 


0.7r6 



158. Simple as i t! p i\ >\e demon^tiiton of Clausius for 
equation (177), a yet s mpler om fl -fts tiom the equation (169) of 
Thomson, which for an adnbatic change gi\es 



-- + 'H-^ 



--0; 



wiicnce, immediately, by integration, 

~x = _ Va — / m —, 



as before. 



159. Problem 11. — To find the change of volume. For this 
we denote by s^, as in equation (170), the volnme of a unit of the 
liquid in contact with its saturated vapour, and by s the volume 
of a unit of that vapoui'. Then wc have, as above, 

V = „ + (,->.) x; 

in which Si, may be considered constant, for comparatively with s 
its variation with temperature is exceedingly small. 
Putting now, for brevity, 

ii — s — s,,, (179) 
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il; is clear that we have only to find the prodnct iu: 'For thi^, 
siihstitnte hi equation (178) the valne givt'n for A in ctination 
(17^), and we get: 



„*-.„./* 



«.I-t1«S^.- <!«') 



ironi wliieh equation, and the data of Eegnault for the tension p 
of saturated steam, we readily ohtain the valne of ux, to which f^ 
must be added to find the volume. In this manner Clausins 
i:ompnted for v the values given in the table below (see Art, ICO). 
And to compare tliem he also computed the analogons valnes '■' 
given by the false hypothesis previously assumed, that steam which 
expands remains saturated without partial liquefaction and o))eys 
the laws of Charles and Mariotte. 

160. Problem III. — To oilaiii the external ivorh done by an 
adiabalic change. Its value will be 

But by equation (179), we have 

do = d.% + d {xii), 
and So may be considered constant; therefore 

2>dv = d {xup) — ^"^/T ''"' 

as /) is a function of t. But hy the equation of ClapejTon (173), 
we have 

dp __l^ ;. , 
" df ~ A' T ' 
whence 
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And, tlierefore, from equation (176), we have 

p/lv = d{xup) — E[d{?..v) + m'dr]. 

Prom this eiiuation, by definite integration, we find tlie work 

ti = xup — A.iU/h — £ p.a^ — K-^, + m' (- — r„)] ; (ISl) 

an expression in wliich xu and /.x arc known by the equations 
already fonnd for them, and from which the values of S are there- 
fore readily calculated. If for perfectly exact results the hypothesis 
that So is constant he rejected, then we must add to tlie values 
given for S by the equation just found those of the integral 

/ pd,%. 

From the equation (181) and those preceding, Clausius calculated 
the results given in the following table: 



(• 


■' 


.. 


..' 


S 


126- 


0.956 


1.88 


1.93 


11,300 


101) 


0.911 


3,90 


4.16 


33,200 


75 


0.868 


9.23 


10.11 


35,900 


50 


o.8ai 


26.r 


29.7 


49,300 


25 


0.776 


88.7 


107.1 


03,900 



For all of the data of this table the unit of volume {v = 1) 
is that of a kilogramme, or unit of vapour (x = 1), at the 
temperature 150° C. ; and the work iS is given in French units of 
work, or in kilogram metres. 

To show the great importance of -expatision in the work of 
engines, Clausius states the fact, which may he compared with ^he 
numerical values of *S in the lost vertical column of this tabic, that 
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Ihe work done against external pressure Js ISj'i'OO units, when ;i 
kilogramme of water is converted into steam at 15U° C, and nndov 
the corresponding pressure. And it will he observed that, between 
the temperatures 150° and 50°, the volume becomes nearly twenty- 
six times its original value. 



lilXERGY 01' A VAEIABLE MIXTURE OF LIQCID ASD VAPOUR. 

161. As the variation of the internal energy of any mass, or 
system of masses, has been shown to bo equal to ihe external work 
done, it is well to obtain an analytical expression for it in the ease 
under consideration, or that of a unit mixture of a liquid in 
contact with its saturated vapour. 

The heat required to change the temperature of the unit mass 
wiiile liquid from -^ to t is 

/ Iff 'd-r. 

Our general formula gives also fur this same change 

a{jJ,-U. + f'pds^; 
ivhenee 

A{U,— 1\) = f\n'dT — A f'pds,. 

Let now the fraction x pass at tlie temperature ~ and pi-essure }) 
into vapour of maximum density ; the heat requu-ed will bo 

AX = A\_U-L\ + x{s~s,)p\. 
From which equation we get 

A{V — Ub) = 'a.z + I mdr ~ Axvp — --^ / pds^ ; 
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an expression easily seen to be identical with the fornmla (181) of 
Clausius for s the external work, except in its sign, wMc7i diffeix 
because work is negative energy. 

The formula just ohtained may ho rendered more couvenioDt 
for application. Observing that 



J pds„ =ps^~ J s^p, 

and making these substitutions we easily obtain 

V — L\ = E Ux + f'\n'dt \ ~pv + p,S(, + f^sdp- (182) 

In this e(iuation TJa is the initial energy, and therefore a deter- 
minate or constant quantity, though unknown. 

For the definite integral, or value of JJ between tho pliysic:;! 
states (1) and (2), for which the temperatures are r, and -5 tiiu 
equation just found gives 

Hi — U, = E {X^^ — ?,iX,) — p^r, + p,p, 

(183) 



+ E I 'm'dt + / ''s4p 



It is cuBtomary in using these formulas to simplify them hy 
putting in' equal to c the specific heat of the liquid for constant 
pressure and regarding c as constant ; both of which hypotheses 
are nearly true. Also the volume of the Uquid s^ may be consid- 
ered constant. Making which changes, we have 

U-U, = E [c(t - r„) + lx\-p{v- s,) (1S4) 

and 

l\ -Jj\ = E \e (r, - T.) + A^, - A,^,] 
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162. Tiie experiments of Faraday having proved that all the 
known gases, except only those few which are called permanent, 
may readily be liqucfiud by cold and pressure, it follows at once 
that they are all only anperheated vapours. 

Hence, all that we have said about the thermal properties of 
airs, or gases, in the beginning of this work, may be generally 
considered applicable to superheated vapours. In fact, the solid, 
liquid and gaseous states do, as we have seen, pass gradually and 
continuously into each other. And the study of tho physical 
properties of vapours, except near to and at their points of 
saturation when they are becoming liquid, is therefore only that 
of the laws of such gases as do actually exist. The use of an ideal 
or perfect gas as a limit has been suHiciently explained. 

In article (83) we have mentioned the experiments of 
Messrs. Fairbairn and Tate, and those of Hlrn, upon the density 
and expansion of saturated and superheated sleam. The experi- 
ments of Eegnault have also given us, for various gases and 
vapours, their coefficients of dilatation under constant pressure 
and constant volume, and their specific heat under constant 
pressure. And to these data we may of course apply the general 
formulas which we have proved for bodies in all physical states 
whatever. 

But when we attempt to go further, and deduce from observa- 
tions the form of the thermodynamic function 

4,(pvt)=0, 

even for ordinary gases, of which our knowledge is certainly far 
more perfect than it is for superheated steam, it seems impossible 
yet to solve that difficult problem; except approximatively and for 
tho few gases only which approach closely to the nature of what 
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is called a perfect gas, and therefore obey very nearly the laws of 
Charles and Mariotte ; or algebraically, which follow the law 



Both Him and Zeuner liave, however, attempted to give formnlas 
for superheated steam which in tlie present imperfect state of 
experimental knowleiige, may be regarded as just approximations, 
as wiis formerly the law of Mariotte; which even yet ia often, 
but improperly, employed in technical calculations. 

163. Hirn simply assumes that an i'iodynamic curve, as it is 
called by Caain, or one of constant internal energy, ia an equilateral 
hyperbola, which will not be isothermid. And we have seen 
(Art. 110) that an isothermal line, or curve of constant temperature, 
will not be isodgnamic, unless U the internal energy is a function 
of the temperature only ; and that this would be true for a perfect 
gas obeying the law of Charles and Mariotte, 

pv = R-r, 

is evident. But the experiments of Thomson and Joule (see 87) 
prove conclusively, as do also those of Ecgnault, that not even 
hydrogen obeys that law exactly. It is not possible, therefore, 
that for any known substance an isothermal line can obey the law 
of Mariotte; for which the algebraic expression is 



and irs geometric construction is an equilateral hyperbola. The 
hypothesis of Him is, therefore, simply that the product c is 
constant for isodynamtc carves. The simplicity of this hypothesis 
is certainly a great recommendation for- numerical applications ; 
and as an approximation, it is quite close enough, except when 
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Bteain or vapour approaclies its coudition of saturation. Then tho 
errors of the calculated results, as compared ivilli thoso of 
iibsevvation, become too great. 

164. To determine by steam the form of a curve, which shall 
he either adiahatie or isodynamic, but not isothermal ; let p and i-' 
be the independent variables, and put 



whence 




X* + Ydp = ; 






Xj, 


(?-^§-^) = »- 




Or assuming 






(186) 
(187) 



p 

which, if we make n constant, gives by integration 

pv" = c. (188) 

If now in 

dQ — AdU+ Apdv, 
or in its equivalent, 

wc suppose Q to be constant, then we shall have, as above, 

Xdv + Yd}) =- ; 
giving by integration equation (188) as that of an adiabatlc curve. 
But if, instead of Q, we suppose the internal energy JJ to he 
constant, then our general equation evidently divides into the two 
following ; 

dQ = Apdv, 



And 



-^i—av-\ — J- dp ^0; 
dv dp ^ 



d by Google 



STEAM AND OTIIEB VAPOUES. 233 

the latter ot ivhiuli identical with 

Xdi + ldp = Q, 
gives by integration equation (188), as that of an isodynamw curve 
when )i IS constant While the hrst equation Ehows that, in any 
isodynainic change heat aljsorbed is entirely converted into 
external m echini caJ work 

From the above, it is ckir that the integration which gives 
er[ijation {1>^S) as the general form for an adiabatic cur\'e, if Q be 
constant, oi for an isodynamic curve if P" be consts.nt, depends 
entirely npon the hvpotbes s that the taetor n of formula {186) is 
constant An hypothesis which we have no right to assume 
without demonstration. 

165. Eankine was the first to use for adiabatic lines tlio 
formula (188); and he seems to have been led to it by noticing 
that in diagrams of energy of steam-engines, drawn by the 
indicator of Watt, the adiabatic curves ure in fomi hyperbolk : 
and that it is, therefore, very convenient to discuss adiabatie 
changes graphioilly by hyperbolas which are not equilateral. 

Or in his own woi'ds, — "it lius been deduced by trial, that for 
such pressures as usually occur in the working of engines, the 
relation between the co-ordinates is approsimatively expressed by 
the following statement ; the pressure varies nearly as thf 
reciprocal of the n^ power of fJie space occupied. The convenience 
of this method arises from the fact that the curve approximates to 
one of the hyperbolic class; that is, a curve in which the ordinate 
is inversely proportional to some power of the abscissa, as is 
expressed by the equation 

j)y» n= c. 

The index n is differe.nt according to the circumstafices of the case, 
and is to be found by trial. When n is equal to unity, the curve 
is an equilateral hyiierbola. Bnt in the cases which occur in (he 
working of saturated steam n is fractional and greater than unity." 
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Eankiue gives for w, in the adiabatic curve of saturated steam, 
the erroneous value 1.1111, or ten ninths. (See Rankine on Steam- 
Engiue, p. 3S5, edit. 3d, 186G.) But Zeuner, who adopts Kaukine'a 
formula (188), has corrected this error, and gives for that curve 
» = I = 1.3333, Which result MM. Cazin and Hirn confirm, as 
agreeing very closely with their recent observations. 

1 66. Zeuner, generalizing the hypothesis of Eaoliine, assumes 
tba,t for all vapours and gases, the therm odynamiu fuuction 

may, if adiabatic or isodynamic, be put under tlio form (188) ; 
which for the curve of saturation of steam, (Art. 154), has for the 
index n the valno 1.0646, and for the constant c the valne 1.704. 
And between these maximum density values for n and c in 
saturated steam, and those of the law of Mariotte, when n becomes 
a maximum and equal to unity, Zeuner supposes n to be variable 
and to decrease as the steam becomes more and more superheated. 
Geometrically, this amounts to the assumpti^m that 

ip = pv" ^ c 
is an hyperbola with a variable index n, and whose variables 
p, r, and n are all functions of the temperature. The curve also 
becomes equilateral for the limit value )i := 1 required by 
Mariotte's law. 

Evidently, however, formula (188) must be considered as 
empirical only, whenever the value of the factor (186) is for 
convenient integration assumed witliout demonstration to be 
constant. And the only apology that can be made for the adoption 
of this formula (188) is that of Rankine, to wit its practical utility 
and convenienfce. 

The general equation of an isodynamic curve 

Xdu + Ydp = 0, 
or its equivalent, 
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dU = 



dv 






-df = 0, 



is evidently an exact difEerential and therefore integi'able. But to 
integrate it we must linoiv X and Y in terms of v and p, and 
these variables must be separated. And practically this is impossi- 
ble until the function U is given by observation. 

167. Zeiiner and Him have mora recently both given anotlier 
approximative equation for siiperheated steam of the form 

pv = Br — Cp% 

which Zenncr finds to agree very accnriitt'ly with observed data, 
and ivliich Him endeavors to base upon theoretical reasoning. 
(See Him, "Ann. de Ch. et de Phys.," 4^ ser., t. xi.) We shall, 
however, omit its discussion. 



168. The following table of the specific volumes v of snpcr- 
lieated eteam, as observed by Hirn for eontigi'ade temperatures t, 
is valuable for technical applications: 



p- 


t°. 


... i 


P- 


f. 


V. 


1 


100° 


.1.05 : 


3.5 


201° 


0.6035 


" 


118.5 


i.r4 ! 


" 


225 


0.636 




141 


1.85 ! 


" 


246.5 


0.6574 ; 




148.5 


1.87 


4 


165 


0.4822 ' 




163 


1.93 


" 


200 


0.522 1 




300 


2.08 


" 


225 


0.539 ! 




305 


3.14 


" 


246.5 


0.5752 




246.5 


3.29 


5 , 


160 


0.3758 


2.35 


300 


0.92 


" 


200 


0.4095 j 


3 


!;oo 


0.697 


« 


205 


0.414 ! 


3.5 


19(5 


0.501 






1 
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The pressures jj are here given in i 
"From the above table of Hirn we construct the following, for 
t!ie temperature iJOO°: 



" ! 


V. 


pv. 


1 ' 


2.08 


2.0S 


2.35 1 


0.92 


2.0 r 


3 


0.697 


2.091 


4 


0.523 


2.088 


' 


0.4095 


3.0475 



Heuce, it appears that steam suirerheated to 200° gives ;ju nearly 
constant, or that it may be supposed to obey the law of Mariotte 
appro si mati ve!y . 

If, from the data of Him, we calculate values for the cooffloictit 
of expansion, they are very in'egular; thus showing the observa- 
tions to be affected with probable errors too great for cxuet 
theoretical purposes. It is to be hoped, therefore, that before long 
some other observer, with superior facilities, may repeat these 
experiments and extend tliem to the superheated vapours of otiier 
liquids beside water. 
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CHAPTER XI. 

OS STEAM-ENGINES, THEIR DEFECTS AND IMPROVEMENT. 

169. We shall suppose the reader sufficiently acquainted with 
the coustruction and working of condensing and non-condensing 
engines to dispense with any description of the miinner in which 
the water is turned into steam, wliieh pushes the piston to and fro 
and does the effective work. Also, that the oESces and the techni- 
cal iiiiaies of the usual parts of an engine are familiarly kuown to 
him. Or if he lack such general or popular information, which 
in this age every one pretending to he well informed is expected 
to possess, then we trnet that, before attempting to study this 
chapter, he will acquire it, hy reading some descriptive hook, and 
by personal inspection of steam-engines in operation ; all of which 
may be easily accomplished in a few hours in almost any active 
part of the present civilized world. Consequently, we shall omit 
descriptions and definitions, and will freely use any technical terms 
we may have occasion to employ. 

170. To any one thus fitly informed, the following brief 
analysis of the cycle of operations constantly recurring in a con- 
densing engine at work will, it is presumed, present no obscurity : 
1°, a definite mass or weight of water in the boiler, at the temper- 
atui-e T and under the corresponding pressure 2'- is changed into 
steam of elastic force equal to p, which steam passes into the 
cylinder and pushes the piston; 2°, tbe pipe from the boiler 
being now closed, that steam continues to drive the piston, expand- 
ing until it fills the cylinder, in which change iho pressure 
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deL'reaaes and part of the steam becomes liquefied ; 3°, the mix- 
tiire of steam and water 13 now driven by the engine out of the 
cylinder into tbe refi-igemtor, wlieve, at the reduced temperature 
To and pressure p^ it becomes entirely liquefied ; 4°, lastly, it is, 
uniler the pressure p, pushed back by the force-pump into the 
boiler. And thence again, and in constantly recurring c_vclos, tiic 
same or an equal quantity of water goes through this same series 
uf operations, 

IDEAL AND PERFECT ESGINES. 

171. Before considering real engines with their imperfections, 
it is well to form a distinct conception of what would constitute a 
perfect engine, working between the temperatures ~ and t^ And 
for all such engines we have already found Carnot's law. 



Let now the physical stat« of a unit of water in the eondcnsci-, 
or refrigerator, of tlie 
temperature To and 
under the pressure pm 
be denoted in the 
diagram of energy by 
the position a. And 
Euppose a unit of 
water at a to be 
driven by t!ie force- 
pump, with increase 
of pressure from p^ 
top, and of temper- 
ature from T„ to -, 
into tlio boiler. Then the curve nb iudicates tliis change, and the 



T 


h 








a 


J 






it 















s 
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heat absorbed by that unit of water will be 



/: 



Next, let the fraction x of that unit of water be turned into sieam, 
under constant tempei-ature r and pressure p, passing thus by im 
iaotliermal change, ijidicated by the liue be to the exuandod con- 
dition c and from the boiler into the cylinder. For this chango 
the required heat of vaporization is kx. 

The unit mixture of water and saturated steam in Ihc cylinder 
may now be supposed to pass suddenly, and therefore adiabatically, 
from the state c to that of d, with decrease of pressure from p to j>„ 
and of temperature from r to r^ ; no heat is received or emitted, 
but in doing this work of adiabatic expansion, part of the stt-'am 
liquefies, to yield its lieat to another part. 

Lastly, let negative work of compression and condensation hi' 
done by the engine upon this unit mixture, containing now only Xi, 
of saturated steam, nnder the constant pressure and temperature 
2h and t-„; and let its volume be reduced by liquefaction until 
it is all again liquid, and restored in tJie condenser, or refrigerator, 
to o, its original condition. This isothermal chango is denoted by 
the line da of the diagram, and k^, is the latent heat of condensa- 
tion due to it. 

Adding now these thermal variations, we have 

A$ = kx — X^; + pnidr, (18(1) 

the total variation of heat due to the hyjiothetical eyde. 

172. We have seen (in Art. 98) tliat for all heat engines the 
test of perfection is reversibility. Also (in Art. 11'?) that by the 
theorem of Carnot, 
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is the maximum work wliieli can possibly be done by any 
domoiitary variiition of heat. And therefore, that as, in any 
IxTfecfc tiighic withoiit waste, 

is the Work done, the dissipation or v/asto {equation 125) for a 
i-eversible cycle, or perfect engine, is 



/? 



173, If now the ideal engine nnder consideration be perfect, 
then its cycle must be reversible, and by difforeotiation 



whence, by definite integration, 

and thus for a perfect engine, or reversible cycle, we got as the 
condition of no loss tho same equation (177) which, though in a 
very difEerent way, we have already found for an adiabatic change 
in saturated steam. 

STEAM-ENGINES WORKING IN CYCLES OF CARSOX. 

174. Certainly, it is not necessary to prove for steam-engines 
in particular what has been already shown for all engines supposed 
to work in cycles of Carnot, that they arc i)erfect. Nor will we 
probably ever find for such ideal engines a simpler demonstration 
of their perfection than that of Art. ISO; which, by definite 
integration of the function 
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I the law of Camofc 



dq = rdip, 



ioi- their efficiency. 

175. Nevertheless, as an example of the use of onr general 
formulas for steam, let na apply them to a cycle of Oariiot 
composed of two isothermal cutting two adiabatic lines. 

Ill the physical state represented by the co-ordinates p and v of 
the point a, let in the boiler a unit of water receive heat 
sufficient to convert a frac- 
tion X thereof into steam ; 
this change will be figured 
by tlie isothermal line ab, 
for which the pressure and 
temperature are constant. 
During it, the mixture also 
passes from the boiler into 
the workingcylinder. And 
the heat absorbed in this 
isothermal change is 

Next, adiabatically from 5 to c, there is in the cylinder expansion, 
but neither loss nor gain of heat ; hence the temperature falls from 
T to T, and there is partial liquefaction, (Eankinc's law) ; the 
amount of which, given by the adiabatic equation (17'?) or (191), 
will be obtained from 




!, ^AX p'' ,dr 



(«) 



Then from c to d condensation takes place, and the latent heat 
given out to the refrigerator is 
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in which x, and x^ are the values of the variable fraction x stt c and 
at d. And the value of x^ is determined by the condition, that in 
the fourth or last change the mixture shall be forced hack to its 
original state a adiabatically. 

During this final change, indicated by the adiabatic curve ail, 
the mixture becomes entirely liquefied ; and we have for it, as x 
becomes nothing at a, the equation 

Subtracting equation ((3) from (a) we obtain 

A, , .A 

--{x,-2;) = -x, 

and, tliLTofor.^, 

q ■= X, {z, — Xo) = Xx —■ 

Ilcnce the heat converted into external work in a cycle of 
Caruot would bu equal tu 

q — q, =. Xx ^—^—, 

and the efBeiency would be 

g - gi ^ ' — ~i 
<I - ' 

aa we already know from the the theorem of Camot for all perfect 
engines. 

An adiabatic change being in a steam-engine a physical 
impossibility, we pass from the consideration of ideal to that of 
real engines, such as are actually employed. 
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REAL BSGINES. 



176. For a first approxiraatioE we may suppose the engine 
without friction or other imperfections, just as ia done in 
mechanics for elementary machines, for the simple pendulum, 
and for projectiles and falling bodies in vacuo. Also, if the steam 
expands rapidly ia the cylinder, we may assume this change to be 
adiabatic and the expansion to be complete. The cycle of 
operations will then he identical with those set forth for an ideal 
engine in Art. 171; and its diagram, as well as all the formulas, 
e directly applicable. So that we have for the heat absorbed. 



for that emitted 

and for that converted into external work 

q ~ q^= Ix — AA + J m'dr, 

which is identical with (189), as it should be. 

We may eliminate x^ by aid of equation (177) for an adiabatic 
change, or by the relation 

and thus obtain 

q — q, = kz^-^ + f'm' i/-::^\dT- (195) 

which is, therefore, the general equation of such engines. 



d by Google 



244 APPLICATIONS OF THERMAL LAWS. 

177. Moreover, it is clear that the equations just obtained 
may be put under the following modified forms, if for approsima^ 
tion the specific heat m', which varies very slightly, be assumed to 
be equal to e and constant. 

The heat received is 

q = ?.x + c{-~r„); (193) 

that emitted is 

To eliminate x^, we have 

^,x„ Xx T 

_- =— + clog— • 

And, therefore, the heat turned into external work is 

$ -. go = Xx ^-° + c(r~ -,) — cr„ log ^ ; (194) 

or 

Aj - Xx^^^ + c\r-rjl + log ~] I (194*) 

178. From the value given for A hy the formula oi Regiiault 
(KiO), and from equations (193) and (194), we may compute the 
efficiency 



line to the cycle of finch an engine. Making the requisite numer- 
ical calculations for the temperatures 150° and 50' centigrade, 
we find 

e' = 0.219. 

Between the same limits a cycle of Carnot gives 

6^='-^'" = 0.236. 
The difference 0.017 shows the imperfection of the cycle. 
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179. It is easily proYed that the coefficient e', or efficiency of 
a steam-eogine, approximates more and more closely to the muxi- 
mnm c of a perfect engine, or cycle ol Camot, as the cimte ilc 
dialeur, or difference between r and r^, diminishes. 

For this purpose, equation (194) gives the following trans- 
i'ormations : 

r. (l + log ^j =T,~-„ log ~_^, 
but 

r„ log -^ = r, log ^1 - -~^j ■ 

If we develope the last term hy aid of the well-known formula 

log (« + a^) = log« + ^ - 2^ + etc., 

making the proper substitutions, and rejecting powers of x higher 
than the first, we have 



Hence, 




CT — crjl + log^j = 


— •('- 


Or, by reduction. 




' (^ - Srr. + 7.= 


)_.('-'•)■. 



Consequently, equation (194) approaches the limit 

q — q„ = Xx ^-^— + c ^' ~" '' -■ 
And if we divide this by (193) we get 

^ ^ q ^ T ' 
or the limit is a cycle of Camot. 
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Geometrically, too, it is evident that as the isothermal line ed 
approaches ab, or as r, is 
nearer to ~, the area of 
the triangle ade, which 
is the difference of abed 
and alee, or of tho cycle 
of a steam-engine from 
the cyclo of Carnot, does 
also approach a limit 




^ 180. If we make in 

eqnatioo (192) the higher 
temperature equal to -, and change the accent of t accordingly 
Itoth in it and in the expression for the heat absorbed, 



= A;K + 



f? 



m'dr. 



Then diriding (193) by q, the quotient, or efflcieney, i 
be reduced algebraically to the foi-m 



7 readily 



r./;v(|-i)«. 



/.a^ + 



m'dr 



The second member of which proves that the efficiency is less than 
that of a cycle of Carnot, expressed by the first term of the second 
member. Also the value of the last term is a minimum when x is 
greatest, or unity ; which j.s the case when the steam in the 
cylinder is not mixed with any liquid portion. There is, there- 
fore, advantage in using dry steam, 

181, Such is the importance of the steam-engine, that it is 
well to consider its theory in various ways. And we shall, there- 
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fore, give hero another demonstration of its general fonnula (19ii) ; 
tlie firat was obtained by seeking expressions for tbe lieat received 
and expended ; the following ivill bo baaed upon changes of energy 
and work. 

The engine being double-acting, its cycle will be that of a 
single stroke of the 
piston. 

Let Xi be the pro- 
portion of steam in the 
mixture as it enters the 
cylinder ; and let ps 
and T, be its pressure 
and temperature. From 
a to b the steam acta 
upon the piston with 
fuU head, or with the 
pressure p,; but this 
pressure is antagonized 
b) the pressure p, of 
the vapour m the con- 
denser 01 by that of 
the atmosphere If m 

be the mi°s of the mixture, and Vi be its specific volume, then mvi 
IS the capacity of the part of the cylinder whose length is ab ; and 
the work due to this part ab of the stroke will be 

mVi (p-i —pi). 
From b to c expansion takes place, the steam from tie boiler being 
cut ofE ; and at c the specific volume of the mixture will be i\ and 
its proportion of steam Xi ; this work will be given by the formula 
(183) already obtained for such changes, or by 

S = m\ I!(x^,~X,Xi + J cdu — p,v^ + p,v, + I sdp • 
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To eliminate X^x, we have from equation (!"'() the relation 

A, a;, /-^5 /'^ (/- 

making this substitution, and subtractiug the hack pressure on the 
piston, which is equal to 

■we get 

And adding to this the work done under full head from a to i, 
we have for the entire stroke of the piston the work 

From this we must now euhtraet the work of the force-pump, 
which at; every stroke of the engine takes a mass m from the 
condenser under the pressure pi and forces it into the boiler under 
the pressure />, ; for which work the value is 

ms^{^p..—pi) = / m?Sp. 

Making this reduction, and dividing by the mass jjj, we obta.in for 
the work due to the unit mixture, 

which is identical with equation (193) already found. 
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182. Incomplete expansion is one of the principal defects of 
steam-engines. In the preceding discussion, we have supposed 
the expansion from Tj to r^ to he complete. The table of Clausius 
(given in Art. 100) shows that between the temperatures 150° and 
50° the expansion of saturated steam is 25.7, or nearly twenty-six 
times its original volume. For snch dilation cylinders of euormoua 
size would be requisite. Practically expansion is never pushed to 
Guch a degree. The same table shows that between 150° and 100°, 
it amounts to 3.9 or nearly four, and that between 150° and T5° it 
exceeds nine. The values of s given in the last column of tiiat 
table indicate also the relative work for different degrees (>f 
expansion. 

In the figure of the preceding article (181) let expansion cease 
at the point e, for which the pressure and temperature are p 
and t; then the loss of work or defect due to incomplete 
expansion is measured by the area of the triangle ce'e. At e let also 
the specific volume of the mixture ho v, and let x denote the 
fraction of steam it contains. 

The work of the unit mass during tliis partial expansion, 
lessened hy that of p, the opposing pressure, as given by 
equation (183) will be 

Ulk^^ — Xx + I cdrj + / Sut^+ pV—p%Vi — Pi{v ~ fa)- 

Eliminating Xx hy its value 

Xx = X^.y ^ _ -^ ~ / cdr, 

and integrating, we get 
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e[}-^., ^- + c (r, - -) - cr log I?1 
+ J S<,'Ip + pv — p^V, — p,{l, — J's) . 

To this add the work of the full head of steam along ai, or 
and from it subtract the energy expended upon the force pump 

s.te-ft), 

and we have after reduction 



['A \-^ + '{J,-T)- cr log i?]. 



«=(y-i>.)(»~».) + i? 



Prom which formula, the data of Eegnault and the tahle of 
Clausius (Art. 160) enable ue to compute yalues of 3 and compare 
the relative efficiency of each an engine with that of either of those 
already discussed. 

If we make the requisite calculations for complete expansion 
between 150° and 50°, and for partial expansion only between 
150° and 100°, and again between 150° and 75°, we find for e' the 
efficiency, or coefficient, the relative values 0.319 = §, 0164 = ^, 
and 0.205 ^ ^ ; while a cycle of Camot gives 0.236 ^ J nearly, 
between 150° and 50° centigrade; and if we compare the values of 
S for incomplete expansion between 150° and 100°, and for 
complete expansion from 150° to 50°, we find them to be in the 
ratio of 99 to 13a ; thus showing for the former the loss of 33, 
or one-fourth of the latter. 
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183. There are other defects in steam-eagines which we will 
not discuss, for they relate mostly to technical construction 
and to economical management. We may, therefore, refer for 
full information concerning them to such works as those of 
Rankine, I>e Pambour, Him and others; and wiH here only 
mention some of them. Of ench ai-e wafitefnl consumption of 
fuel; inenistation in boilers; obstructed flow of steam; diminu- 
tion of preasare between the boiler and cylinder, or between the 
eybnder and condenser ; chilling eft'ects of radiation and conduc- 
tion ; friction, etc. 

But witli all its existing defects, the steam-engine is far from 
being the very imperfect and faulty machine, which false theoretical 
ideas have led some to imagine it to be 

The numbers of the last article showmg that from 150° to 50° 
the duty of a perfect engine is only ^3(1 and thit an engine with 
its boiler at liO° and condenser at 50°, but with mcomplcte 
expansion to 75° onlv, his a coeflicient of 205 or ^ neail\ ; it 
follows that 93 is the tme coeflicient for such an impeifect 
engine. And if of this coLffiuent four fifths be available, or 
effective, then 74 would be the actual coeflicient of such an 
engine. To compare this with Hims results foi hia engines, 
which had a mean coefficient of J = 0.135, as stated m Art. 10 ; 
our engine would have a coefficient of four-flfths of \ equal to ^ 
nearly, or 0.305 x 0.8 equal to 0.164 exactly; and the difference is 
0.039, or say four per cent only. Thus we see that allowing 24 per 
cent for friction and all other defects, Hirn's engines would be 
perfect. 

It also appears that hot air is far from having the com- 
parative advantage over steam, which some lately imagined 



d by Google 



252 APPLICATIONS OP THERMAL LAWS. 

it to posse8s; and that, on the contrary, foi small lange^ of 
t«mperatare steam is preferahle. Indeed, if aii lilve steam could 
readily be liquefied, and thus ased in condensed and less 
bulky form, snch a change would constitute a great improvement 
for all hot-air engines. 

We will now consider some of the theoretical improvements 
which have been imagined or proposed of late years. 



184. It has been proposed to extend the difEereiice of tempera- 
ture, or chute de ehdtenr, upon which Camot's formula 



shows the maximum eflieiency of any heat engine to depend, 
by combining with a steam-engine, working between the tempera- 
ture T and T„ another engine using a much more volatile liquid, 
such as sulphuric ether or benzine, and working between the 
temperatures t' and t^ The condenser of the steam-engine 
being thus made to play the part of boiler to the auxiliary ether 
engine. 

It is easily shown that such a double engine is simply equiva- 
lent to a single engine working between tho extreme temperatures 
T and To- I'or this purpose, each engine may bo assumed to be 
perfect, or to work in a cycle of Camot. The steam-engine will 
convert into work 



and it will give to the ether engine 

«' = «-■ 
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It is clear that the heat used Ijy the doiihle engine will be 

or its eoeffleient is the same as that of a single engine working 
between the extreme temperatures 7 and t-q ; which was to be 
proved. 

An engine with two fluids may, therefore, be used to extend 
the chide de chaleur. 

Not only ether, but other volatile liquids, e. g., chloroform and 
chloride of carbon, have been tried. Such engines have been used 
in France, and one invented by Du Trembley was in 1855 tried in 
the steamer " Brgsil " with considerahlo economy of fuel. 

They hape been abandoned chiefly, perhaps, for fear of fire ; 
though escape of noxious fumes, corrosion of metal, etc., ai-e 
other ohjections urged against them. 

STEAM-JACKETS, 

185. Around the cylinder of his engines Watt placed another 
cylinder of larger diameter, with a space between them filled with 
steam from the boiler ; and this contrivance is called a steam- 
jacket. 

It is not known what led him to adopt such an arrangement. 
It has since been criticised and condemned hastily as a very Ihnlty 
H'ay of preventing radiation and conduction ; which it was alleged 
could be better done by an envelope of wood, or other non- 
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conducting material. Such ignorant stupidity cannot be asci'ibed 
to that illustrious man. 

lu the locomotive engine of Mr. Stephenson, the cylinder was 
placed in the flue from the furnace, for economy of heat and fuel. 

And it has been practically found by Ilirn that an economy of 
not less than 30 per cent may be rcaliaed from jacketed engines. 

Very different views have been entertained in theoretical ex- 
planation of this important economy or advantage, which practical 
results prove to be unquestionable as a fact. And clearly it has 
nothing to do with radiation and conduction, which take place 
from the outer surface of the jacket eien to a greater degree tliau 
could happen for the working cylinder of smaller size. 

The important diseoveiy of Eankine, tliat liquefaction takes 
place in a cylinder working evpausively, has induced some to 
adopt the hypothcais that a steam-jacket imparte additional heat, 
prevents liiiuefat'tion, keeps the steam saturated but not super- 
heated, and thus causes the iucreaeed economy attested by espe- 
rience. 

Our equations will verify the truth of that hypothesis. The 
heat required first to heat a unit of water and then to convert it 
into steam, is that called by Regnault its total Mat ; and it must 
bo increased by the quantity from the jacket preventing liquefac- 
tion. The whole quantity received is, therefore, 

§ = Hi' {r — To) -i- ^- — / mdr. 

And the heat lost is 

ft = K 

Hence, that converted into work is 

A — A, -|- Tji' (t — r,) — / mc/r. 

In these expressions the last term is negative, because (Art. 140) 



d by Google 



STEAM-ENGINES. 255 

the specific heat m of saturated steam is negative. Biit the equa- 
tion of Sir W. Thomson (167) gives 

I fix 
and therefore, by substitution, 

By the formula of Eognault, 

A = 600.5 — 0.695? = 790,35 — 0.695r, 
and 

^ = ™-25_ 0.695. 
wlience 

g — ft = 796.35 log ~- — 0.695 (r — v,). 

And if we apply this formula to an engine working between 150° 
and 50°, we And 

Q — Q^= 144.4. 

But for an ordinary engine with complete expansion between tho 
same temperatures we found (Art. 182) the work equal to 133 and 
the efficiency 0.219 ; there is, therefore, a gain in work of ono- 
eleventh, or nine per cent nearly. But the amount of heat 
I'eeeived was greater to the extent of 



/ mdr , 



or 114.45 caloriea; and the economical coefficient is, therefore, 
0.301 only. The cycle is, consequently, more imperfect than that 
of an ordinary engine with incomplete expiinsion to 75°, for which 
0.205 is the efficiency. 
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What IS Ihe interpretation of these apparently discordant 
I'eaalts, an actual gain of nine per cent of work and yet a emaller 
coefficient ? Evidently, the additional heat comes only from tiie 
fire ; and hence there may be more work but leas economy, if that 
additional heat be not such as would be otherwise lost or wasted. 
If the cylinder be put in the flue or chimney of the furnace, us in 
the locomotive of Mr. Stephenson, or the heated gases of combus- 
tion pass into a hot-air jacket before escaping, then evidently any 
additional heat absorbed would be a positive economy, as well as a 
gain, which would otherwise be lost. 

But if, as in the steam-jacket of Watt, experience shows both 
gain and economy amounting, according to Him, even to 30 per 
cent ; then snch an advantage is not at ail explained or aecountetl 
for by the hypothesis that the latent heat of the steam in the 
jacket keeps that in the working cylinder saturated but without 
liquefaction. 

Accordingly, we find that while liankine adopts that hypoth- 
esis, it is disputed and rejected by others. Combes ascribes all 
advantage to the influence of the walls of the cylinder, which, 
chilled by expansion and condensation, determine, at each intro- 
duction of steam, the immediate liquefaction of a part which comes 
into contact with them. And Rankine mentions that in double- 
cylinder engines, where the expansion begins in a small and finishes 
in a large cylinder, if the small cylinder only be jacketed, the 
liquefaction is prevented almost entirely. 

Moreover, if the piston move rapidly, cspansioo wonld he nearly 
adiabatic, suflicient time not being given for steam in the jacket to 
supply heat to the non-conducting steam in the cylinder. This 
whole subject seems, therefore, to demand further experimental 
investigation for its elucidation. 
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186. With increase of temperature, the expansive force of 
steam varies bo rapidly, that it is said to vary in geometric pro- 
gression when the former varies only arithmetically; and the 
empirical formulas, which have been projwsed for it, arc logarith- 
mic or exponential. For a pressure of ten atmospheres, used in 
locomotives and other engines, the corresponding temperature is 
about 180° ; and that pressure cannot he much exceeded without 
great danger of explosion. The chute de chaUur, or difference 
{t — r„), upon which the duty rA an engine depends, cannot, 
therefore, be much increased by making the boiler hotter. 

It is, however, quite practicable to elevate the tempcraturo by 
letting the st«am from the boiler pass to the cylinder throngh a 
pipe, or system of pipes, exposed to the heating action of contact 
with the hot escaping gases of combustion in the flue of the 
furnace. And it is clear that in 

C_-ft _ T - T„ _ ^ -„ 

Q - T -' r 

the fractional part of the lost heat, measured by the last term, 
varies directly as t,, the lower, and inversely aa t the higher hmit. 

As the hot gases in the flue escape into the atmosphere, what- 
ever heat can be taken from them to superlieat the steam is 
obviously only so much saved or economized. And without in- 
creased consumption of fuel a decided gain is thns realized. 

To calculate that gain, we must add to the total heat absorbed 
by a unit mass in an ordinary engine, and expressed as above by 



h / 'cdr, 



or by the formula (160) of Eegnault, the additional quantify 
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needed to heat it still higher to r, which gives for the heat 
received 



Q =z X, + fj' vdr ^ f\ 



ill which m is the Bpecifie heat of superheated steam, or of steam- 
gas, as Eaiikine calls it. 

The lost heat given to the condenser is Ao^o; and that used 
in work is 

Prom this we may eliminate .-?■(, by the following considerations. 
The general thermodynamic function 

* = /? 

espresses any determinate state or pliysical condition of a given 
suhstanee. If, therefore, in a steam-engine, by any cycle of oper- 
ations, a, mass of water pass back into its initial state of pressure, 
density and temperature, then its first and laet states are identical, 
and for the entire cycle 

Applying this to onr engine, we have 



And substituting the value of A^a-o given by this equation in the 
f.rst, we have 



ling the valae of A^^o 
Q-Q, = AS = >., ^l^' +J'"c (l - ^'\ d- +f'm (l - v) d- 

H.asdb,G00gle 
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But for an ordinary engine ive have found (Art. 181) that 

Consequently, 

A {S - S,) = f'mil ~ ^\ dr (195) 

is the economy or gain in work. 

The namerieal calculations and the integration demanded liy 
this formula are easily performed, if for vi we employ its mean and 
constant value, found by Regnault eqnal to 0.48 nearly. An engine 
whose boiler is at 150°, and whose condenser is at 50°, gives for 
st«am superheated to 300°, 

3T„ = 0.m, and ^^=156; 

and an ordinary engine gives (Art. 182) for like temperatures 
133 thermal units. The gain would, therefore, be 24 units, or 
neai'ly eighteen per cent, with the same consumption of fuel. 

Various arrangements for superheating steam have been tried ; 
one of the more ingenious of which is that of Mr. Wethered, which 
he call "combined steam;" but we must refer to technical treatises 
for descriptions of the construction of engines and other details. 

NOMINAL AND ACTUAL HOBSE-POWEK OF STEAM-ENGINES. 

187. When steam was first used instead of horses to pump 
water from mines, it became necessary to compare the power of an 
engine with that of horses. Various estimates of what a strong 
horse can do were made by different engineers. But iinally the 
work done in elevating 33,000 pounds through a foot in a minute 
of time was generally adopted in Great Britain and in this country, 
as the conventional measure of one horse-power in steam-engines. 
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This is also equivalent to the work of raising 550 pounds one foot 
per second ; wliich mode of calculation is sometimes more 
convenient. 

In France a slightly difEerent usage pievails, the lui-sepuuer, 
or cheval-vapeur, being theie a=sumed to be equal only to 'io 
kilogrammetres, or Fi'ench units of woik per second To agrw, 
with the British unit, it should be lb kilogram me tie- but except 
in compai-ative theoretical calculitions the difflienie is sj snull 
that it may be technical^ disiegarded 

We should observe the neces'^itv esitating to tik time into 
iuiconnt in measuring the efficiency of machines and animals 
The same given quantity of work can be dune 1 v i child, a 
man, or a horse, bnt the hoi-sc will do it mort rapidly hence time 
must be reckoned in the eompanaon The diiicubsion of machmes, 
given in Art, 23, and thtir 1 iw 



^/'-p* = ^f ("•'-'■')• 



show that velocity enters into such calculations. And in t!ie same 
article it is also shown that when the power and resistance become 
equal, and the velocity constant, the machine works with 
maximum economy and advantage. 

Supposing now, for a steam-engine, that constant velocity 
and equality of action and reaction established, or that its cycle of 
operations has become periodically constant, we readily st'C that 
the rule used for computing the actual horse-power of an engine 
is correct. Which rule is as follows: Multiply the total pressaro 
on the piston by the length of its stroke in feet and this by the 
number of strokes per minute in both directions, then divide that 
product by 33000 for British measures. For Prcueh measures the 
kilogrammetre per second is the unit of work, the metre is the 
linear unit, and 75 is the divisor. 

Algebraically the work per minute wUl bo 
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S = ■nrHnp = / jidv, 

ill wiiieh I denotes the length of the stroke, « the number of 
strokes per miuutfl, p the average effective pressure upon tlic 
uuit of surface, ttt^ the area of tlic piston, and v the volume 
developed. 

The horse-power given by tlie above mlo and dcliuition 
will tlierefore be for British usage, 

and for French measures and units of work 

To obtain in French measures the work S', if p be the menu 
pressure in atmospheres, and v the volume developed by one strolie 
of the piston, then 

(9' = 10330«^!', (196) 

reckoned in kilogrammetres. The coefficient 10330 being the 
atmospheric pressure upon a square metro. 

188. The formulas just given would be perfectly correct and 
of easy application, if it were possible to determine exactly the 
mean effective pressure p upon the piston. It is evidently only 
the resultant, or difference, of the direct pressure of the steam upon 
one face of the piston, and of the counter pressure of the vaponr in 
tbo condenser, or of the atmosphere for non-condensing engines, 
upon the other face. Moreover it is always exactly eqnal to and 
varies with the intensity of the resistance or work ; which itself is 
composed of two parte, that of the load or useful work, and that 
due to friction and other opposing actions in the engine itself. 
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In coming from the boiler into tlie cylinder the steam is 
obstructed by the pipes and vaivea, and its pressure is thereby 
somewhat reduced. This obstruction the manufacturer may and 
should try to diminish by using short and large pipes, with open 
valves ; but the diSerence of pressure between the boiler and the 
cylinder is chiefly due to the fact that in the cylinder the pistou, 
being moveable, acta as if it were a safety valve, and lowers the 
pressure to the amount requisite to equalize its intensity with that 
of tho resistance, as was first proved by De Pambour. 

The back pressure also cannot be determined, for it varies 
largely, owing to more or less obstruction to the escape of tlie st«am 
from the cylinder into the air or condenser, to the mixture of air 
and water with that steam, and to other causes not yet sufficiently 
investigated. 

By trials made upon various engines. Gen. Morin lias sought 
to obtain, for the difference of pressure in the boiler and cylinder, 
a coefficient of reduction, which for locomotives ho makes equal to 
0.60 ; for steamers 0.80 ; and for statiouary engines 0.85 to 0.90. 
But De Pambour has proved, by careful trials, that even for the 
same engine these coefficients are not constant, but variable with 
its work or load. 

Under these circumstances, the actual mean value of p can he 
practically best determined by using the diagrams drawn by the 
indicator of "Watt, and recording the corresponding number of 
strokes of the piston by an automatic register. 

De Pambour gives, however, a formula for determining the 
value of p from the quantity of water evaporated in the boiler, or 
supplied by the feed pomp, which he deduces as follows : let m 
be the quantity of water evaporated in the unit of time and s 
the specific volume of the steam it produces in the boiler under the 
pressure p' ; ifc passes into the cylinder where its pressure will 
reduce to the effective pressure^ equal to the resistance B, and by 
Mariotte's law ita volume will be 
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Again the area of the piston being a and its length of stroke I, 
their product is the volume of the cyUnder v, and nv will be tlie 
(quantity of steam used by n strokes in the anit of time ; hence 
the equality of demand and supply giyes 



Unfortunately, however, for Do Pamhour's attempt, it was not 
then known that steam beeomea hquefied when expansion occurs 
in the cylinder, and Mariotte's law fails entirely. 

Neither the method of coefficients of Morin, nor that of 
De Pambour, can be used for such calenlations ; and both must be 
abandoned, 

189. Hence it appears that as the actual work of an engine 
varies with ita load, its horse-poioer, which only measures that work, 
is in feet variable and indeterminate. This truth seems to have 
been well known to Watt and to have induced him, as a 
constructor, to adopt for his engines a purely fictitious, or nominal, 
horse-power still used in trade. And which is calculated thus: 
Multiply the fictitious pressure 7, by the assumed velocity 198 feet 
per minute, by the area of the piston in inches and by the cube 
root of the stroke in feet, then divide by 33,000. Or algebraically 

Which reduces, if we make t equal to twenty-two sevenths, to 
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Tlie British Admiralty adopt a different rule: Multiply the 
fictitious pressure 7 by the actual velocity of the piston in feet 
and by the area of the piston in inches, and divide the product by 
33,000 ; this gives 

""ISOO' 



- nlr' = 



In the French marine the rule for the nominal horse-power h 
simpler. If p be the assumed effective pressure, and v ihe 
velocity of the piston per second, then 

And from this formula another much used by French con- 
structors is derived. In an engine of Watt assumed to wort with 
a pressure of one atmosphere, and with the velocity of one metre 
J unity, and therefore 



If now we substitute for p its value, equation (198), then 



In which {2r) the diameter of the piston is measured in metres; 
but if we reduce it into decimetres 

H=(%rY. (199) 

Or wo have the extremely simple rule that: the square of the 
diameter of the piston in decimetres is the nominal horse-power. 
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And from tins, for any other similar engine working with the 
pressure p and velocity v, the nominal horse-power is 

If =z pv {-iry. (200) 

Or we have the rule : MulHply the pressure hy the velocity and by 
the square of the diameter of the piston in deeim&lres. 

To these nominal horse-powers, it ia customary to apply ooef- 
iicietits of reduction, varying from 80 to 85 per cent, for defects of 
construction ; and to multiply these again hy the factors of reduc- 
tion 0.60 to 0.90 for difference of pressure between the cylinder and 
the boiler; thus giving as limits 0.50 to 0.75, called by Morin 
factors of cons/rtcctiou. 

190. The idea has been entertained by constructors, habituated 
to the old formulas, that those required by the Hew theory of heat 
are much more complex ; this is far from being true ; and it is 
much to be regretted that any such false notion should be allowed 
to perpetuate the use of erroneous methods, which can scarcely fail 
to retard progress and improvement. 

The maximum effect which a given quantity of heat Q can 
produce in a perfect engine is very easily computed from the 
formula of a cycle of Camot, 

And having thus obtained the duly of a perfect engine, for any 
given limits of temperature, we may with great facility compare 
with it the work done by any other engine ; using for that purpose 
the formulas ive have demonstrated ; which also may often be mucli 
simplified by using tables and approximations sufficiently exact for 
technical purposes. 

Moreover, the law of action and reaction gives for the relation 
13 
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between the power applied and the resistances overcome that their 
sum wiil be equal to zero, or 

S= R + r + r' + r" + r'" + etc. 

It isj therefore, only necessary to determine successively the sepa- 
rate hurtful resistances and to subtract them from S, in order to 
obtain E, the useful work. And it is difficult to conceive of any 
theory which could lead to caleuiations more simple, 

191. We now quit this most important and iEt^restiug of the 
applications of our theory, regretting much that the necessary 
limits of an elementary treatise do not let us give more information 
of practical details; but the reader will find them in the numerous 
valuable books on the construction and management of engines^ 
which are written by experienced and able professional men, &om 
time to time, as perpetual progress demands. 
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MISCELLANEOUS. 

193. To any one who has followed step by step the ngiii cTiain 
of inductive reasoning presented in the preceding cbjipters, from 
which every supposition has been most carefully excluded, except 
the fcingle hypothesis that heat and other forms of energy are 
comertible and indestructible, it wi!! now be evident that, in all 
onr knowledge of the laws of the physical world, there are none 
established upon a firmer basis than the two general propositions of 
Joult! and Camot ; which constitute the fundamental laws of our 
subject, and which may both be combined in tlie single expression 



= /? 



Bat their applications are innumerable ; and when we reflect how 
generally physical phenomena are connected witli thermal changes 
and relations, it at once becomes obvious that there are few, if any, 
branciies of natural science which are not moi-e or less dependent 
npon the great truths under consideration. Kor should it, there- 
fore, be matter for surprise that already, in the short space of time, 
not yet a generation, elapsed since the mechanicaJ theory of heat 
has been freely adopted, whole branches of physical science have 
been revolutionized by it 

All we propose to do in the remainder of this work, all that can 
be doiie in the compass of one volume, is to present a selected few 
of the more interesting general applications ; in number and in 
variety, however, sufficient to give a somewhat adequate idea of 
their extent and utility. 
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PHYSIOLOGICAL. 

193. The body of an animal, not less than a steamer, or a 
locomotive, is truly a heat engine, and the consumption oi food in 
the one is precisely analogous to the burning of fuel in the other. 
In both the chemical process is the same, that called combustion. 

To the illustrious but sadly unfortunate Lavoisier, the gi-eat 
founder of modem chemical science, we are indebted for the 
discovery that combustion is generally oxidation. The word gen- 
erally is here used only because sulphur, chlorine, etc., play the 
part of substitutes for osygen in combustion. 

To Lavoisier, too, we owe the explanation of respiration, in 
which inhaled oxygen is perpetually exchanged for ejected carbonic 
acid and vapour of water, products of combiistion. 

Other organs aid tlie lungs in the constant cycle of nutrition 
and excretion: the skin, for instance, emitting perspiration. ,iud 
the kidneys urine; while the mouth, the stomach, and the wiXk-''- 
tines replenish waste. 

These facts are so familiar to all that no one need demand 
further proof than his personal knowledge of the general truth 
that the human body is a heat engine consuming food, water, 
and air. 

But when we seek to trace that truth in all its minor detailfi, 
difBeulties arise, like those which present themselves to a person 
ignorant of the construction of a locomotive, conscious by cmde 
observation that its activity is due to fire and steam, yet quite 
unable to see just what are the oflcea of many of its organs or 
parts. 

So that even to the best informed physiologist obscurities exist 
which cannot be comprehended. 

Hence objections to Lavoisiei-'a theory have been from time fo 
time urged. Among such objections we may allude to that which 
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finds the heat of the body generally and uniformly diffused instead 
of being concentrated in the chest But this is easily answered by 
regarding arterial hlood as oxygenated, and the combustion as 
therefore taking place in every part of the body; from which to 
the lungs the veins carry back blood in a carbouated state. 

A more serious objection has been adduced, that friction, espe- 
cially in the smaller blood-vessels, mnst develope heat. Without 
doubt, animal heat is thus in part produced. But whence the 
expenditure of energy causing that friction, and which must be 
itself accounted for ? 

Precisely here the mechanical theory of heat comes to our relief. 
The power which drives the blood through its vessels is the muscu- 
lar exertion of the heart,— a force-pump to receive blood from and 
send it to every part of the body, the discovery of Harvey, — darkly, 
yet certainly, we therefore see that the rhythmic pulsations of tho 
heart, like those of the piston of an engine, are dependent upon and 
consequently due to that cycle of nutrition and excretion which 
sustains physical or organic life. But precise knowledge of the 
involuntary action of the heart will probably ever be denied us; 
for even when a muscle acts voluntarily, we can form no concep- 
tion of how mind thus subjects matter to volition ; and the union 
of mind, or nervous agency, with matter is an impenetrable mystery. 
Yet, even in tliis obscurity, we know that all which is not spiritual 
and immortal in our being is either matter or energy ; neither of 
which can be created or destroyed, except by their Divine Author ; 
nor continually expended without exhaustion or replenishment. 

Directly then, or indirectly, the ehenoical theory of Lavoisier 
accounts not only for animal heat, but also for all the complex 
phenomena united in what is called organic or physical life ; and 
our bodies do literally bum out of their earthly existence, both 
before and after death, decay being only slow combustion. 

That matter and force constitute all which is physical, and that 
they cannot be created or destroyed, except by God who made 
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{hem, is in few words the enunciation of the law of consenation of 
energj'. And everything physical being subject thereto, it foUoivs 
that no physiological action can take place except with expenditure 
of energy derived from food; alao, that an animal performing- 
mechanical work must from the same quantity of food generate 
less heat than one abstaining from exertion, the difference being 
precisely the heat-eqnivalent of that work. 

These \iewB, which both amend and complete those of Lavoisier, 
were first briefly published by Joule in 1843, but soon afterwards 
they were much more fully and perfectly set forth in Germany by 
Mayer, who aptly likened the agency of mind, or will, in volnntary 
motion, to that of the helmsman who steers but adds nothing to 
the force which drives a steamer. 

They were first verified experimentally in 1858 by Hirn, wlio 
enclosed men in a tight wooden box, large enough to let them work 
on a treadmill, elevating their own bodies as the work done ; air in 
measured quantities was introduced and conducted off in tubes ; 
and both the heat emitted and the carbonic acid exhaled during ii 
given time were carefully determined, alike when tlie man was af 
rest and when he was at worK. 

The ratio of the heat emitted to the carbonic acid generated 
was found much greater for repose than for periods of work ; tims 
proving conversion of heat into work. 

It should here be remarked that these experiments do uot 
at all conflict, but on the contrary do perfectly accord, with the 
result of common experience, that muscular exercise increases 
respiration and temperature ; the numerical data of Hirn so show, 
but they also demonstrate that the ratio of the heat emitted to tiie 
carbon consumed is less when part thereof is expended in work and 
thus ceases to exist as heat. 

Him sought to calculate the mechanical equivalent of heat from 
such experiments ; but for that exact purpose they lack the requisite 
precision. From them, however, Holmholtz has since ingeniously 
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deduced the economical coefficient of the human body regarded as 
ii heat engine. He observed that the quantity of heat given off iu 
an hour by a man in repose, as proved by Hirn, is just what would 
do the work of elevating his body to a height of 540 metres. Also 
that this 540 metres is the height to which a man climbs up a 
mountain in an hour. But Him found the amount of respLratiou 
live times as great when a man is climbing. Hence, it follows that 
one-fifth is the available or economical eoeflcient. 

Prom the force of the blood in the arteries, Helmholtz also 
calculates that the heart would elevate its own weight in an hour 
through the height of G670 metres. And as in mountainous 
regions tlie strongest locomotive can oniy ascend about 800 metres 
per hour, Helmholtz finds the heart aa a machine eight times as 
effective. 

Others have since attempted to perfect the interesting investi- 
gations thus began by Hirn, Among them Beclard tried to 
determine the heat developed in the muscles of the arm by means 
of common thermometers ; and it is easily shown not only that be 
reasoned imperfectly, but also that the variation of tempcratarc 
must be far too small to be indicated by a common thermometor. 
His experiments, therefore, were of use chie0y in drawing attention 
to the necessity of studying the action, not in the body as a whole 
as done by Him, but in particular muscles, and with the aid of 
much more refined instrumental means of measurement. 

Accordingly, the delicate thermoelectric multiplier of Melloni 
has since been employed in some experiments made upon frogs. 
But the results are only interesting in that they show the pheno- 
menon to be much more complex than was at first imagined ; tliat 
lactic acid is produced in muscular action ; and that this chemical 
change in the muscle itself interferes with the purely thermal 
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LIQUEEACHON AND KEGELATIOJT. 

194. All the general formulas deduced from our fundamenta] 
laws, without hypothesis except that heat is energy, are applicable 
not merely to vaporization, or steam, but also to liquefaction and 
cvL'iy other tiiermodynamic change wliich may be regarded as a 
function of the pi-essure, density and temperature of any eubstance. 
This has been already stated in Art. 147, and to some peculiar 
phenomena attention has been drawn. But it may be desirable, 
and certainly will be instructive, to discuss more fully a few such 
facts. 

The formula of Sir W. Thomson, or theorem of Carnot, 



at 
gives for all bodies that of Clapeyron, 



fj 



Whenever a body melts, it absorbs heat from without ; and the first 
member of this equation is, therefore, always positive. Conse- 
quently, the second member must be eo too. Hence the two 
factors, in the product 

are always cither both positive, or both negative. Whenever, 
therefore, melting causes increase of size, the pressure and temperar 
tnre will increase or diminish together. But if, as in case of ice, 
melting lessens the volume, then increased pressure will be 
attended with doercase of temperature, or the freezing point will 
he lowered by compression. 

This conclusion, though first theoretically deduced by his 
brother, was experimentally verified, as stated in Art, 147, by 
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_Sk W. Thomson ; who, £or tliis pui-pose, Biibjeoted a mixture of 
ice and water, with a delicate thermometer, to compression in tlie 
apparatus of Oersted for measuring the compressibility of hquids, 
which is described in almost every treatise on experimental 
pliyaics. Thus he obtained, for pressures of B.l and 16.8 atmos- 
pheres, the depressions ©".OSQ and 0''.i29 in the temperature of the 
melting point. From which we have the projiortionate reduction 
0°.0075 for one atmosphere. 

To compare this with theory, denoting by A, the latent heat of 
liqueiaction, equal to 79.35 thermal units, we have 

'^ = aI (f - V,). 
dp A ■■ "' 

Also T = 373 ; the volume v of the unit, or kilogramme, of water 
is a liti-e, or 0.001 ; and for ice r„ wiil be 0.00108. Hence 

'^J _ 373 (0.0 01 — 0.0010 8) 
'dp ~ 435 X ?9.ao 

As an atmosphere is equal to the pressure of 10334 kilognmimes 
pur square metre, 

2i = 10334;)', 
and 

dp 43o X 79.3a 

Hence the accoi-danee between the observed and calculated results 
is as close as eonld be desired. 

195. With the apparatus of Oersted, made as usually of glass, 
it was not possible for Sir W. Thomson to try very powerful 
pressures ; but Mousson has since done so by using a similar but 
very strong instrument of iron. A-detached piece of iron is put 
in it, and the rest of the cavity is filled with water, which is af ter- 
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wards frozen. By means of the eompnessiug screw, an enormous 
pressure is then brought into action and the ice is thereby 
liquefied ; which is Imown by the piece of iron within becoming 
free to fall from one pai"t of the vessel to another. In this way 
Mousson lowered the melting point of ice even to — 15° centigratle, 
or to 0° Fahrenheit ; but the corresponding pressures were not 
determined. 

Analogone espcrimenta have been tried by Bunsen upon paraf- 
finc and spermaceti, compressed by a merenrial column in the short 
leg of a bent glass tube, like that of Mariotte; and the results 
show elevation of the melting point with increase of pressure, us 
they should do for these substances. 

196. The most interesting facts in relation to this subject arc 
tliose to which Faraday has applied the word regeJation; and to 
which iu 1830 he drew attention as '■ a remarkable property of ice 
in solidifying water in contact with it. Two pieces of moist ieo 
will consolidate into one. Hence, the property of damp enow to 
become compacted into a snow-ball, an effect which cannot be 
produced on dry, hard-frozen snow. A film of water freezing when 
placed between two sets of icy particles, though not affected by a 
single set. Certain solid substances, as flannel, will also freeze to 
an icy surface, though others, as gold-leaf, cannot be made to do so." 
This fact, thus described by Faraday, is easily verified by squeezing 
lumps of ice together with the fingers. 

At the meeting of the British Association in 1857, the true 
explanation of regelation, about which others had si^eeulated, was 
given by Prof. J. Thomson, and we will quote his own words: 
" pieces of iee, on being pressed together at their points of contact, 
will at those places, by virtue of the pressure, be in part liquefied 
and reduced in temperature; and the cold evolved in their lique- 
faction will cause some of the liquid film inten'ening between them 
to freeze. It is thus evident that by continued pressure fragmentary 
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masses of ice may be moulded into a continuous mass; and a 
suSieietit reason is afforded for the reuuion, found to oceur in 
glaciers, of the fragments resulting from an ice cascade, and for the 
iiiending of the crevasses or deep fissures which result occasionally 
from their motion along their uneTen beds. 

" The bqcefied portions being subject to squeezing of the com- 
pressed parts m which they originate, will spread themselves out 
through the pores of the general mass, by dispersion from the 
regions ot greatest to thoae of least fluid pressure. Thus the 
pressure is relieved from those jioitions lu which the compression 
and liquefaction of the ice had set in, accompanied by the lowering 
of temiierature. On the removal of the cause of liquidity, namely 
the pressure, the cold evolved in the compressed parts of the ice 
and water freezes the water again in new positions, and thus a 
change of form or plastic yielding of the mass of ice to the applied 
pressure occurs. 

"Ice is thus shown to be incapable of opposing permanent 
resistance to pressures, and to be subject to gradual changes of 
form while they act on it; or in other words, it is shown to be 
possessed of the quality of plasticity." 

A very simple and beautiful experiment has been contrived by 
Tyndall for the verification and illustration of the above views of 
Thomson. 

In a hollow spherical mould, made of dense wood, a lump of 
ice is subjected to powerful compression ; which first crushes it 
into small fragments, and then bv continued pressure first partially 
liquefies and then freezes the ite agdin into a solid, clear, and 
transparent ball. 

Also, Tyndall, m his investigations of the phenomena of glaciers, 
BO well studied by him among the Alps, has apphed the theory of 
regelation to their explanation, and has described them in a manner 
so admirable as to make the whole subject not only his own, but 
one of the most interesting ot modem physical researches. 
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197. Many phenomena prove that the particles of liquids 
t'ohero powerfully. And as the experiments of Donny, Dufour, 
and others show that water may be iieated above its ordinary 
boiling point without becoming steam, or cooled below its usual 
fi-eezing point without forming ice, neitlier of which changes 
could take place without increase of size, it follows that a very 
strong cohesion tends to keep it liquid. Moreover, its very slight 
compresaibility proves its fluidity to he only the property of 
tangential displacement, its particles merely gliding upon each 
otlier. 

In Art. 143 it is shown that the latent heat of vaporization, or 
cx[)enditure of energy, requisite to change a liquid into vapour, is 
a masimum when it takes place normally. And precisely the same 
mode of reasoning and formulas may be used to prove that the 
heat evolved in freezing is a masimum when it occurs normally. 

Other bodies possess hke properties; thus sulphur, phosphorus, 
etc., may be cooled below their melting points without solidifying ; 
and sulphuric acid, eamphine, eaoutchoucine, etc., boil explosively. 
Analogous phenomena present themselves also in the anomalous 
retardation of the crystallization of supersaturated solutions of 
glauber salt. But for these the thermal changes have not yet 
been sufficiently investigated. 

DISSOCIATIOB". 

198. This word dissociation, now technically used to signify 
chemical decomposition by heat, is here given oidy because it is so 
used. A better one, perhaps, is thermolysis, analogous to dfc- 
frolysis. 

Yet, as geographers give names to countries they ai-e the tirst 
to visit, astronomers to new planets, and chemists to new metals 
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and compounds, so Ueville, the pioneer in this field of discovery, 
one of the richest to which chemiste have given attention since tiie 
day of Lavoisier, lias named it dissociation ; and the word i^ 
likely, therefore, to bo a permanent fixture in science. 

It is also well to give new names to new subjects of thougbt 
and investigation, lest they be contemned and ignored, if not 
deemed worthy even of » name. In itself a word is of httle 
consequence, but its meaning should be definite. 

The fuct that platinum, when heated to its melting point 
decomposes water into hydrogen and oxygen, without chemical 
union with either, was first experimentally observed by Grove. 
That experiment was repeated by Dcville, who founded upon it and 
other analogous facts his grand discovery tliat heat alone can 
decompose all chemical compounds, and in doing so acts always in 
a perfectly definite manner. Its action being in fact in strict 
accordance with thermodynamic laws, and capable of being ex- 
dressed by the very same general formulas which we have given 
for steam and other physical phenomena. 

Mathematically, the discovery of Deville may be enunciated a^ 
follows : the physical state of any substance may be always expressed 
by a function 

<i {pvt) ~ 0, 

which, though unknown, is yet always determinate. And, there- 
fore, the pressure, density, and temperature are variables whose 
particular values control all such changes as the liqnefaction of 
solids, the vaporization of liquids, and the chemical decomposition 
of such vapours, if compound, into their constituent elements. 
Moreover, one single law or function embraces all these changes. 

The importance of such a discovery cannot fail to be appreciated 
by any one even slightly acquainted with chemical science. For 
valuable, beautiful, and attractive as are its facts, unfortunately 
they are simply innumerable. Human life is not long enough to 
learn them. No memory could retain them. No general law^ 
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embrace and explain them. T'ascinated with tliPii heanti and 
utility, baffled by their multiplicity, we weary of the patient, 
endless toil they demand almost in vain. Even the atomic Jiypofh- 
esia of Dalton loses its simplicity for organic sahstances, and 
attempts at general theory, or even classification, end in hopeless 
confasion. In this I am nnconscions of exaggeration ; certainly no 
disparagement is intended. If the sketch be oven appro ximatively 
trae, how valuable any discovery which gives promise of bringing 
particular iiicts under general law, or of introducing those mathe- 
matical methods which are of such service in other branches of 
physical science. But we must quit these reflections, and present 
the reader the facts of this subject. 

199. Dissociation was first studied by H. St. C. Deville for 
water, liydrochloric, sulphurous and carbonic acids, and for car- 
bonic osidc Otlicrs have since extended his researches, and all 
compounds are now believed to obey the same laws. 

We select, as an example, clear, definite, and practically import- 
ant, the action of heat upon pure carbonate of lime, studied by 
Bebray. 

In the year 1750, the chemical difference of lime and limestone 
was discovei-ed by Dr. Black, who extended the inquiry to the 
caustic and carbonated alkalies, and called carbonic acid gas ^xed 
air, because found in solid combination. But from that day until 
recently, when Debray resumed the investigation, all were content 
to regard the phenomena which occur when carbonate of lime is 
heated in kilns, or open vessels, as alone needing attention. Thus, 
for a century, no one seems to have thought it worth while to 
lieat that enbetanee in close vessels, or under pressure, with the 
view of observing the difference, if any, in the results. 

In few words, the reader may be told the difference is exactly 
the same as in the case of water and steam. Heated in open 
vessels, water escapes as steam. Confined and heated in close 
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vessels, it genenites only the vapour requisite to develops a pressure 
snfEeient to prevent further evaporation ; the quantity of wliich 
\apour depends npon and varies with the temperature, increasing 
if heated higher, condenaing if cooled. And precisely thus does 
carbonate of lime act, if heated in close vessels, giving off only a 
limited or deOnite quantity of dissociated carbonic acid gas, ivhicli 
varies in amount with the pressure and temperature, increasing if 
the mistnre be made hotter, recomiining chemically with the lime 
if cooled. Certainly, no single discovery in modem chemistry is 
more interesting tlian this. 

A well-known difficulty, that of measuring very high tempera- 
tures,, caused Debray to use those of boiling sulphur, cadmium, 
and zinc, which he estimated respectively at 440", 860°, and 1040". 
For the first of these, dissociation was inappreciable ; for 880° it 
stopped whea the tension became 85 millimetres, and for 1040° 
when the tension was 520 millimotrea. 

The difiiculty just mentioned is readily overcome by substi- 
tuting for water and carbonate of lime, first iised by Deville and 
Debray, other and much more volatile qnd decomposable substances. 
This has been done by Jambert using for the purpose ammoniacal 
compounds. And the results obtained are of the most valuable 
and interesting nature. We regret that the scope of this article 
docs not let us give a detailed account of them, but for that tlie 
reader may refer to the " Annales de I'fieole Normale," t. V, p. 139. 
liis results were graphically represented by the method of carves, 
which are as exact and regular as they are for similar observations 
on steam. 

300. Deville was the first to indieaf« how this subject should 
be mathematically studied and discussed. It is entirely unnecessary 
to go into that discussion, for it is sufficient to say the analogy 
between the dissociation of chemical compounds and the 
vaporization of a variable mixture of water and steam is perfect. 
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Every general formula ia, therefore, at once applicable, and even 
every particular equation which we have deduced for mixtures of 
Bteam and water becomes immediately a formula for disaoeiiitiou, 
if mutatis mutandis we substitute for steam the gases of decomposi- 
tion, and for water the chemical compound. 

It may be well to exemplify, and we select for the purpose, 
the law of OJapeyron 

^=^' (-'■■) I- 

In this A now expresses the latent heat of expansion, or the 
energy requisite to do the work of chemical decomposition, we 
may call it the latent heat of dissociation. The volume of an unit 
weight of the compound ia Vo, and v is that of its dissociated 
elements. 

Ab X will be positive, the last two factors of the second member 
are of like algebraic signs. When, therefore, v is greater than r„, 
as is usually the case, the temperature of dissociation varies 
directly with the pressure ; hut one of these becomes a deci-easing 
function of the other if « be less than i\ ; as happens iu the frecz- 
iug of water. All this ia evidently, by Art. 193, in such strict 
analogy that it is but repetition. 

This formula of Clapeyron also expresses the beat developed 
in chemical combination; for taken inversely, let i and p both 
diminish, then will v also decrease ; there will, therefore, be 
chemical reunion, or combination ; and at the same time A will 
decrease in quantity, or in other words heat will be set free or 
given out to surrounding bodies. 

This conclusion is of the ntmost value and importance, for 
it proves that we have in the formula of Clapeyron, or iu the 
equivalent and corresponding formula of Sir W. Thomson, for 
the theorem of Carnot 

at 
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a perfectly general law, applicable not only to all Bubetaiices, 
but also to any and every physical or chemical change, whether of 
union or disunion of particles, in which heat 13 either absorbed or 
emitted, with variations of volume, pressure and temperattire 
mutually dependent upon each other, so that they may be 
expressed by a determinate function 

-p ipvl) = ; 
whose precise form observation alone can and does determine for 
particular substances. 

Moreover, the theorem of Clapeyron is one -which lends itself 
with perfect facility to experimental investigation. Nothing is 
easier than to compute numerically the value of the derivative of 
the pressure from observed tubles or data, of tension ; or graphically 
by curves, it may be found as the direction tangent of auy 
elementary chord of the curve ; while v and i\ as well as A are all 
most easily meaeured, requiring for this only skill, care and 
instrument^il accuracy. 

If heat be energy, what else is chemical " affinity "; and if they 
be mutually transformable into each other, and one is calculable, 
then assuredly the other is determinate; and we need only a 
factor like that of Joule to convert measurements of the one into 
their correlative values of the other. The only uncertainty abont 
such calculations is that part of the energy may be dissipated in 
electrical effects, or lost as radiant energy in the form of lumin- 
iferous or other vibrations. 

Here perhaps a protest may not be amiss against the practice of 
chemistfl who regard affini/j/ as somethiTig hyperphysical, — some- 
thing inscrutably mysterious, like the union of mind and matter, 
or hkc the spintuil pait of our bemg. 80 long as it is thus 
regarded there can be little hope of its ever being understood, even 
in matters pcrfeetl accessible to investigation. 

Fcr the heat of chemical combination, or decomposition, or 
in other words for the value of A, we already possess many experi- 
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mental data, the most complete aad exa<;t of which are those of 
Favre and Silhcrmann. And all that is now needed, therefore, for 
applying the law of Olapeyron to such resnlts of chemical conihina- 
tion is the experimental deterrnination of the quantities v,Vo,p 
and r contained in the second number. 

201. The same formula also shows that A is a function of and 
therefore varies with p, v and t. And consequently, mere observa- 
tions of A, without regard to the circurastences upon ivhich its 
variable values depend, are for exact science worthless. Unfortu- 
nately, we possess too many of such fictitious data, gathered with 
more laborious care and industry than intcUigence. 

ISOMERISM. 

90S. The transformation of paraeyanogcn by heat into 
cyanogen has been studied by MM. Troost and Hautefeuille. 
Heated under pressure ^ in a close vessel, the former a solid is 
changed into the latter a gas. Physically, this change is precisely 
analogous to that of water into steam, and the law of Clapeyron 

is applicable. 

We have now v for the specific volume of the mixture, or of 
the cyanogen, if Co, which is that of the paracyanogen, be compara- 
tively so small that it is negligible. And A will be the heat or 
energy required for the transformation. As it is positive, and v 
greater than Wo j the pressure increases with the temperature. All 
of which agrees perfectly ivith the observed results. 

The importance of these researches, which throw light npon 
what has hitherto been regarded as one of the most obscure 
subjects in chemistry, namely " isomerism " or " allotropism," is 
obvious, and they suggest many desirable investigations yet to be 
made. 
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DISSOCIATION OS CARBONIC OXIDE, 



203. The discovery of Deville iiaa already enriched experi- 
mental chemistry with many interesting facts ; ive will give only the 
following due to him. 

A tube of brass runs concentrically through another of 
porcelain heated very highly. A rapid stream of cold water flows 
tliTOugh the brass tube, and a current of carbonic oxide passes, very 
slowly, through the annular space between the brass and the 
porcelain tubes, into a solution of caustic potash. After some 
hoars, the apparatus is dismounted, and the lower side of the brass 
tube is found coated with lamp black ; also the solution of potash is 
found to eont n 1 n ac 1 

Carbonic xdlasb 1 tilt I I In 

deposited on th Id 1 as t b It i n h n t d tl 
otiier portion fab Itfnarbn dTh 

experiment c t n ! ill ng tl b f tl 1 at d 

elements befo tlis mlndtl y •''^l 

carbonic acid ff t wh 1 g nerall> 1 P t d 

The decoi } d ng ff t f 1 p n tl 

compounds of 1 d th I ta d n jh t pi 

processes, will I <n d ihnm Isel nlgut 

it not identic il w tl tl f d mt n 

But by far tl e m st n p -t nt f Id f n t gat n It 
to dissociation j t d t tt nt t! ^ wtl f 

plants; which take carbonic acid from the air, and decompose it 
by aid of solar energy into carbon and oxygen, storing up the 
first of these elements and emitting the other. Nor have we any 
right to suppose this decomposition an effect of light rather than 
of heat ; for in fact radiant heat and light do not differ sufficiently- 
to let them be assumed to be distinct and separate forms of physical 
energy. 
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STEADY FLOW OF FLUIDS. 

204. In the steady flow of any fluid, let the pressure, specific 
volume, and height of a particle be respectively denoted by^, c, 
and z, and let ^( be its velocity ; then will 



2;^'V# = i|(»'-»fl. 



Or, supposing the unit of weight to be the quantity flowing through 
a section in a given time, 



S J Pdp = — 



To determine the first member, it divides itself into internal and 
external work, or 

S f^Pdp = (Uo-U) + (S^ — S), 
in which 

{.%-S) = fJpdv + {z,-z), 

the last term denoting tJie work due to the fall of the rinit weight 
from Za to z. Hence, by eubatitution, 

'^—^ ^{U,-U) + {p,v„ ~fv) + (.„ - z), (301) 

an equation perfectly general and applicable to all fluids whatever. 

205, If the density be constant, the internal work will Iw 
nothing, and 

which is the theorem of Bemouilli. And if in this we suppose the 
fluid to start from rest, or v^ equal zero, and that tlie pressure act 
like the atmcsphere eqiially in both directions, then 

u' = %s {',-'), 
which is Torricelli's law. 
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When the fluid is a gas obeying the laws of Charles and 
Mariotte, or 

pv = Sir, and 2'oVt, = ii'o/ 

equations (80) and (94) give 

J! = Jl(c-c) 
and 

(K-F) = &'^.-t). 

Whence, by substitution, 

--^"- = h -')+ *' h - ') i (202) 

and if tit, and the work {Za — z) be negligible, 

u^ = 2Bc(i {t, - t). (203) 

306. For an adiabatic flow, or one in which time is not 
allowed for absorption or losa of heat, the equation 

Q = A(U+S) 
becomes 

dU + pdv = 0; 
ivhence 

U,-U^J"pdv, 

or integrating by parts, 

Ua— U = pv —- paVe + I vdp. 

Now, if this be substituted in equation (201) and s be negligible, 

a very simple and general formula, in which v must be an adial^atic 
function of p, that it may be i 
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207, To obtain an equation for the flow of saturated steam. 
We will aiippose that a unit mixtiire of water and steam, or of 
moist vapour, moves rapidly from a position where its physical 
stat« is denoted by the co-ordinates p„, v^, and by the fraction of 
steam x^, to another place whore they become p, v, and x. Also 
that, MS is usually the case, this movement and change of stati' 
takes place so quickly that heat cannot be absorbed or given off: 
or in other woi-ds, we assume the ciiauge to be adiahatic. Then 
clearly equation (ITT) furnishes the relation 

Also equation (183) gives 

V -h\ = E \}.x — "^ + «/ (r _ T.) + mV„ log -p\ 

-^ {pv .- M-^) + f\dp. 

Omitting z, this changes equation (^01) into 

— ;^- = '.(p. -r) - ^[ir-"^^ + .»' (t-^,) + mV.logl-J. 

A formula perfectly suited for numerical computation ; and fi-inn 
which the data of Tteguault easily show that in such changes the 
steam ia partially liquefied, 

CONCLrSIOK, 

208. And now our task is finished. We have written what We 
undertook, not a colnplete treatise, but an elementary introduction 
to this important branch of physical science ; and huve done it in 
such a manner that he, who shall have faithfully studied whut is 
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here given, need not apprehend any difficulty in reading, with 
perfect ease, the original memoirs published npon this subject. 

Mncli has been omitted ; many varied and important applica- 
tions to astronomy, to physical geography, and to electricity, are 
not even mentioned. It would recjuirc several volumes, not one 
alone, to present them to the attention of the rpader. He need 
not be at a loss, however, to extend his knowledge, and we com- 
mend eueh inquiries to liis consideration. 

Again, whole branches of our knowledge concerning the plio- 
nomeua and laws of heat are entirely excluded as forming no part 
of the special subject of this volume. Of such are Fourier's 
admirable investigations and their sequel All too that relates to 
radiant heat. 

To some it may seem strange, perhaps improper, that not one 
word is given about the theory of gases of Beniouilli, adopted by 
Clausius and others; which is dwelt upon in most treatises upon 
this subject, where the curious reader can readily find it. The 
omission is intentional. Wc have adhered rigidly and conscien- 
tiously to the purpose of escluding all hypothesis and speculation, 
and have presented nothing but what has been proved to be abso- 
lutely true. 

It is only thus tliat positive truth can be separated from fiction, 
and presented as worthy of all confidence and acceptance. How- 
ever ingenious, however suggestive of inquiry, an hypothesis may 
he, so long as it rests on mere iiuverified imagination, it must 
be discarded from that which is real and positive. Hypoth- 
eses have their legitimate use as means to ends, not as ends in 
themselves ; they aid discovery, but are not discoveries ; thougii in 
rare cases they sometimes become such, ceasing then to be hj^poth- 
esDS. Often they fetter rather than aid. And it is far easier to 
dream fiction, than it is with patient labour to discover and apply 
the laws of the universe whoso Maker and Ruler is God. 

It should always bo borne in mind tliat false premises do by 
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logical reasoning lead to erroneous conclusions ; and that only 
the true lawa of the created world can be to us mental telescopes 
with which to penetrate its darkness. 

In this day, when human perversity seems to incline somo to 
prefer the arctic skepticism of negation to the genial warmth 
of Christian faith, while othei-s go back to the atheistic blind 
necessity, the vaikj] dvayKT/, of Greek sophists, let it ever be 
remembered that, in the words of inspiration, "the invisible things 
of Him fram the creation of the world are clearly seen, being 
understood by the things that are made." 

May this book, whose object it is to make known some of those 
invisible things, aid its reader to form clearer ideas of the sublime 
simplicity, unity and harmony displayed by the Creator in the laws 
by which He governs the physical universe ; some of which He docs 
not conceal but graciously permits us to learn and understand. 

May also the contemplation of the Infinite AVisdom, Power and 
Goodness manifested alike in the majestic laws and phenomena of 
the heavens, and m the infinitesimal adaptations of means to the 
support and happiness of every living creature, fit our hearts and 
minds for firmer and more grateful acceptance of that grandest of 
all truths — that He, " by whom were all things made, and without 
whom was not anything made that was made," did Himself become 
incarnate upon this earth, to the end that He might wipe out the 
imperfection of man's sinful and unredeemed nature, by Himself 
bearing " our sins in His body on the tree." And may human 
science learn that its liighest duty is, on bended knee and with 
trembling but joyous heart, to point with uphlted finger steadfastly 
to the cross of Christ, man's only liopo of a blessed immortality. 
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Weisbach's Mechanics. 

Fourth Edition, Itevised. 

8vo. Cloth. $10.00. 

A MANUAL OF THEORETICAL MECHANICS. By 

Julius Wbisbach, Ph;.D. Translated ffom the fourth aug- 
mented and improved German edition, with an introduction 
to the Calculus, by Eckley B. Coxe, A,M., Mining 
Engineer. 1,100 pages, and 902 wood-cut illustratioiiij. 

Abstract of Coktent9. — Introduetion to the Caleulua— Tho General 
Principles of Mechanics — Phoronomica, or the Purely Mathematioal Theory 
i>t Motioa — Mechanics, or the General Physical Theory of Motion - Statics of 
Rigid Bodies — The Application of Statics to Elasticity and Strength — Dynani- 
iaa of Rigid Bodies -Statics of Ptnids-Dynfiniica of Fluids— Tho Theory 
of Oscillation, etc. 

" The present edition is an ^itirely neir worli, greatly extended and very 
inucli improTcd. It forms a text-book which must 8nd its way into the hands, 
not only of every stadent, but of every engineer who desires to rofroah his mem- 
ory or acquire dear ideas on doubtful ^oinU.''—Jlfa'iiiifacturer and Buildrr. 

" "We hope tho day is not far distant when a thorough course of study and 
education as such shall be demanded of the prartising engineer, and with tliis 
view we are glad to welcome this translation to our tongae and shores of ona 
o£ the most able of the educators of Europe." — The Teahnalogiat. 
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Francis' Lowell Hydraulics. 

Third Edition. 

4to. Cloii. $15.00. 
TX>WELL HTDEAULIO EXPEEIMENTS — being a Selec- 
tion from Experiments on Hydranlic Motors, on the I'low of 
Water over Weirs, and in Open Canals of Uniform Rectangular 
Section, made at Lowell, Mass. By J. B, Euiscis, Civil Engineer. 
Third edition, revised and onlai^od, including many New Ex- 
periments on Oauging "Water in Open Canals, aad on tho Flow 
through. Submerged Orifices and Diverging Tubes. With 23 
copperplates, beautifully engraved, and about 100 new pages of 
test. 

The work is divided into parts. P.MtT I., on hydraulic motors, inoludea 
ninety-two ojtperiments on an improved Foumeyron Turbine WatPr-Whepl, 
of abaut two hundred horse-power, with rules and tables for the construction 
of similar motors ; thirteen cipecimenta on a model of a centre-vent water- 
wheel of the most simple design, and thirty-nine csperiments on a contre-vent 
water-wheel oE about two hundred and thirty liorgc-power. 

P.vnr II. includes serenty-four experiments made for the purpose of deter- 
mining the form of the formula for computing the flow of water over weirs ; 
nine experiments on tho effect of baok-watev on tho flow over weirs; eighty- 
eight experiments made for the purpose of determiniog tho formula for eom- 
pnting the flow over weirs of regular or standard forms, with seyoral tabloa 
of eompariaons of the new formula with tho results obtained by former experi- 
menters; five expsriments on the flow over a dara i:i which tie crost was of the 
same form aa that built by the Essex Company across tho Merrimack Eiver at 
Lawrence, JSIaasachuaotts ; twenty-one experiments on the effect of observing 
the depths of water on a weir at different distances from tho weir ; an esten- 
sive seriea of oxperimenta made for the purpose of determining rules for 
gauging streams ot water in. open canals, with tables for fecilitating the same ; 
and one hundred and one experiments on the discharge of water through sub- 
merged orifices and divei^ing tubes, the whole being- fully iUustrated by 
twenty-three double plates engraved on copper. 

In 1855 the proprietors of the Locks and Cinals on Merrimack Bivtr con- 
sented to the publication of the fir«t edition of this work, which coatained a 
aelection of the most important hydraulii, experiments made at Lowell op to 
that time. In this edition the pnncipil hj dnn'ii, nxperimcits made there, 
subsec[uent to 185o, have be"n addel, mcludmg the important series above 
mentioned, for determining rules for th gmsin" thi. fl^w of natcr in open 
canals, and the interesting scries ot tho flow through ■» sub-aei^ed Venturi's 
tube, in which a larger flow was obtair.od xhan any we find recorded. 
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Williamson's Meteorological Tables. 

4to. Flexible Clolh. $2.50. 
PRACTICAL TABLES IN METEOROLOGY AND HYPSO- 
METRY, in connection with the use of the Barometer. By Ool. 
R. S. WiLLiAMSos, U. S. A. 



Merrill's Iron Truss Bridges. 

Third Edition. 

4to, Cloth. $.1.00. 
IRON TRUSS BRIDGES POE EAILE0AD8. The Method of 
Calculating Strains in. Trusses, with a careful comparison of the 
most prominent Trusses, in reference to economy in combination, 
etc., etc. By Brevet Colonel William E. MEKniLt, U.S.A., 
Major Corps of Engineers, Nine lithographed plates of illustra- 

" The work before ua ia an attempt to give a basis for soimd reform in tliia 
featmro of railroad eLgrineering, hy throwing ' adiltioaal light upon, tiie 
method of calculjtii^ the maxima straina that cau come upon, any psrt of a 
bridgs truss, and upon the manner of proportioaing oich part, so that it shall 
be aa strong relatively to its own atraina as any other part, and bo that thii 
entire bridge may be strong eiiongh to sustain several times as great atrains 
as tho greatest that can come upon it in actual use.' " — Saieniific Americin. 

" Tho author haa presented his views in a clear and intelligoiit manner, and 
the ingenuity displayed in coloring tho figures ao as to present certain facta 
to the eye forms no inappreciable part of the inerits of the work. Tho reduc- 
tion of the ■ forrauhe for obtaining the strength, volume, and weight of a oast- 
iron pillar under a strain of oompreaaion," will be very acceptable to those who 
have occasion hereafter to make investigationa involving these conditions. As 
a whole, tho work hag been well done." — Hailroad Gazette, Chicago. 



Allan's Theory of Arches. 

ISmo. Boards. 50 cts. 

THEORY OE ARCHES. By Prof. A?. Allas, formerly of 
AVashington and Lee University, lihistriited. 

"This little volume Is an amplification and explanation of Prof. Ranidne's 
chapters pn this subject, " 
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Shreve on Bridges and Roofs. 

8vo, 8T wood-cut illustrations. Cloth. $5.00. 

\. TREATISE ON THE STRENGTH OP BRIDGES AND 
ROOFS — comprising the determination of AJgebxaio formulas 
for Strains in HorizontaJ, Inclined or Rafter, Triangular, Bow- 
string, Lenticular and other Trusses, from fi.'ied and moving 
loads, TVith pracfical applications and examples, for the use of 
Students and Engineers. By S.vjiuel H. Shreve, A.M., Civil 



"On the whole, Mr. Glireife haa produced a book which is the simplest, 
clearest, and at the same lilne, the most systematic and with the best math- 
ematicBl reasoning of any work upon the sanio subjecl. iu the language," — 
RaUrt>iid Gazette. 

"Vtora the nunaually clear lanffnajroin which Mr, Shreve Laa given every 
statement, the Htudeiit will have but himself to blame if lie does not become 
thorough master of tJio subject." — London Mining Jmtrnal. 

" Mr. Shrei-e hna produced a work that must alivaj-s take high rank na a 
test-book, • • * and no Bridge Engineer should be wilhout it, as a 
valuable work of reference, and one that will frequently assist liiiu out of 
tUfficulties." — Franklin lastilute Journal. 



The Kansas City Bridge. 

4to. Cloth. $6.00 
WITH AN ACCOUNT OF THE REGIMEN OF THE MIS- 
SOURI RIVER, and a deacription of the Methods used for 
Founding in that River. By 0. CntsiirE, Chief Engineer, and 
Geohgb Mobison, Assistant Engineer. Illustrated with five 
lithographic views and twelve plates of pla&s. 

Illustratioivi. 

Views.— -View of the Kansas Citrj- tion Works, Pier No. 3. IV. Founda.- 

Bridge, August a, 1869. Ijiwering tion Works, Pier No. 4. V. Founda- 

Oaiaaon No. 1 into position. Caisson tion Works, Pier No. 4. VI. Caisson 

for Pier No. 4 brought into position. No. 5— Sheet Piling at Pier No. 0— 

View of Foundation Works, Pier No. Details of Dredges— Pile Shoo— Belon 

4. Pier No. 1. Boi. Vll. Masonry— Draw Protec. 

Plates.— I. Map showing looatlon tion — False Works between Piers 3 

of Bridge. II. Water Eecord— Cross i and 4. VIII. Floating Derricks. 

Section of Bivet— Profile of Crossing | IX. General Elevation — 176 feet span. 

—Pontoon Protection, m. Water ! X. 248 feet span. XL Flans of Draw. 

Deadener — Caisson No. 3— Founda | XII. Strain Diagrams. 
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Clarke's Quincy Bridge. 

4to. Clotli. 87.50. 

DESCRIPTIOX OF THE IRON RAILWAY Bridge across the 
Miasissippi Eiver at Quiney, Illinois. By Thomas Cuhtis CliIeke, 
Chief Engineer. Illustrated with twenty- one litl 
plans. 



Barba on the Use of Steel. 

lamo. Illustrated. Cloth. $1.50. 

THE USE OF STEEL IN OONSTRUOTIOK Method of 
Working, Applying, and Testing Plat«3 and Bars. By J. 
Barba, Chief Naval Constructor. Translated fram the 
French, with a Preface, by A. L. Holley, P.B. 



"Whipple on Bridge Building. 

8vo, Illustrated. Cloth. $400. 

AN ELEMENTARY AND PRACTICAL TREATISE ON 
BRIDGE BUILDING. An enlarged and improved edition of 
the Author's original work. By S. "Whippi-k, C, E., Inventor of 
the Whipple Bridges, &c. Second Edition. 

The design has been to develop from Fundamental Prineiples a system caey 
of oomprehensioQ, and such as to enable the attentive reader and student to 
judge understandingly for himself as to the relative merits of differeut plans 
and oombinations, and to adopt for uae auoh aa may be moat suitable for the 
cases he may have to deal with. 

It is hoped the work may prove an appropriate Teit-Boolc upon tlio subject 
treated of, for the Bngiueering Student, and a useful manual for the Practic- 
ing Engineer and Bridge Builder. 
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Stoney on Strains. 

JVew awl Itevlsed EtlUion, with uumeroHs il lustrations. 

Koyal 8vo, 6G4 pp. Cloth. $12.50. 

THE THEORY OF STEAINS IN GIRDERS and Similar Struc- 
tures, with Observations on the Application o£ Theory to Practice, 
and Tables of Strength and other Properties of Materiala. By 
;Bindok B. Stostjy, B. a. 



Roebling's Bridges. 

Iiiipotial folio. Cloth. $35.00. 

LONG AND SHORT SPAN RAILWAY BRIDGES. By Joarf 
A. RoEBLiSG, C. E. Illustrated with large copperplate engrav- 
ings of plana and views. 

List of Piat«8 

1. Parabolic Tmaa Railway Bridge. 2, 3, 4, S, li. Details of Parabolic 
Truss, with centre span 500 feet in. the clear. 7. Plan and View of a Bridge 
over the Mississippi Hirer, at St. Louis, for railway and common travel. 8, SJ, 
!0, II, 13. Details and View of St. Louis Bridge. 13. Railroad Bridge over 
the Ohio. 



Diedrichs' Theory of Strains. 

8vo. Cloth. $5.00. 

A Compendium for the Calculaiion and Construction of Bridges, 
Eoofs, and Cranes, with the Application of Trigonometrical 
Notes. Containing the moat comprehensive information in re- 
gard to the Besultiog Strains for a permanont Load, aa also for 
a combined (Permanent and Rolling) Load. In two lections 
adapted to the requirements of the present time. By John Dieo- 
BicHs. Illustrated by numerous plates and diagrams. 

" The want of a compact, universal and popular treatise on the Coustrac- 
tion of Roofa and Bridges^-eapecially one treating of tho influMice of a varia- 
ble load — and the uoaatiafactory essays of different authors on the subj^st, 
induced me to prepare this work." 
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Jacob on Retaining "Walls. 

18mo. Boards. 50 cts. 
PRACTICAL IlESIGNIXG OF RETAINraG WALLS. 
Arthur Jacob, A. U. 



Oampin on Iron Roofs. 

Lai^e 8vo. Cloth. $2.00. 

ON THE CONSTRUCTION OF IRON ROOFS. A Thetsretical 
and Practical Treatise. By Ffi.iNois Campis. Witli wood-outs 
and plates of Eoofs lately executed. 
" The mathemRtical formulas are of an elementary kind, and the prooeas 

adnuts of aJi oEiay exteusioa so as to onibrjice the pcomijient vatioties of iron. 

truas bridges. The treatise, though, of a praotieal soientiiio character, may he 

easily maatecud Ijy any one familiar with olomentary mcchanins and plane 

trigonometry." 

HoUey's Railway Practice. 

1 vol. folio. Cbth. $13.00. 
AMERICAN AND EUROPEAN RAILWAY PRACTICE, in 
the Economical Generation of Steam, including the materials 
and constructloa of Coal-burning Boilers, Combustion, the Varia- 
ble Blast, Vaporization, Circulation, Super- heating, Supplying 
and Heating Feed-water, &e., and the adaptation of Wood and 
Coke-burning Engines to Coal-burning ; and in Permanent AVay, 
inoluding Road-bed, Sleepers, RaOa, Joint Fastenings, Street 
Railways, &e., &c. By Alex.vsdbr L. Holley, B. P, With 77 
lithographed plates. 

" This is an elaborate treitise by one of our ablest civil engineers, on the eon- 
Btraotion ajid use of locomotives, with a few chapters on the building of Baii- 
roi^B. * * * All theao subjects are treated by the author, who ia a 
first-lass railroad engineer, in both an intelligent and intelligible manner. The 
facta and ideas are well arranged, dhd presented in a dear and simple siyle, 
accompanied by beantiful engravings, and we presume the work will be regard- 
ed as indiapensable by all who are interested in a knowledge of tho construc- 
tion of railroads and rolling stock, or the workings of locomotiros." — ScisRiip: 
Amffrkan. 
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Henrici's Skeleton Struotiires. 

8vo. Cloth. i;:.go. 

SKELETON STUUCTUEES, especially in llieir AppUcatioji to 
the building of Steel and Iron Bridges. By Ol.ius Hhsgict. 
With folding plates and diagrams. 

By presenting these general eiaminafions on Skeleton Stmctnres, with 
poxticalar applioation for Suspended Bridges, to Engineora, I venture to eic- 
press the hope that they will receive these thooretieal rsanlts with some confi- 
dence, even althoagh an opportunity is wanting to compare them with praeti- 
cal reaultB. O. H. 



Useful Information for Railway Men. 

Pocket form. Morocco, gilt, $3.00. 

Compiled by W. G. Hamilton, Engineer. Sixth edition, revised 
and enlaiged. 570 pages. 

" It embodies many valuable formuite and recipes useful for railway men, 
and, indeed, for almost every class of persona in the world. The ' informa- 
tion ' compriseH some valuable formnlse and rules for the construction of 
boilers and engines, masonry, properties of steel and iron, and the strength 
of materials generally."— JJaWnwti (iazelte, Chicago. 



The Mechanic's Friend. 

I3rao. Cloth, 300 lUustrations. |1.50. 
THE MECHANIC'S FrjEKD : A Collection of Keceipts and 
Practical Suggestions, Relating to Aquaria — Bronzing ■— 
Cements — Drawing — Dyes — Electricity — Gilding — Glass- 
Working — Glues — Horology — Laeqncrs — Locomotives — Mag- 
netism — Metal- Working — Modelling — Pliotograpliy — Pyro- 
teohny^ Railways,- — Solders — Steam-En gine — Telegraphy — 
Taxidermy — VaraisTies — Waterproofing— and Miscellaneons 
Tools, Instniments, Machines, and Processes connected with 
the Chemical and Mechanical Arts, By William E, Axon, 
M.K.S.L. 
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Kirkwood on Filtration. ' 

4to. Qoth. 0ri.OO. '. 

EEPORT ON THE FILTRATION OF EIVEE WATERS, for ] 

the Supply of Cities, as practised iu Europe, made to the Boartl |, 



By James 1\ 



of Water Oommissionere of tlie City of St. L 
KiRKWooB. Illustrated, by 30 double-plati 

COKTENTS. — Eeport on Filtration — London 'Works, General — Chelsea 
"Water Worts and Pilteis — Lambeth Water Works and Filters— Southwark 
and Vauihall Water Works and Filters— Grand Jnnction Water Works and 
Filters— West Middlesex Water Works and Filters- New River Water 
Works aud Filters — East London Water Works and Filters — Leicester Water 
Works and Filters— York Water Works and FDters- Liverpool Water Works 
and Filters— ^Edinboi^Ii Water Works and Filters — Dnblin Water Works 
and Filters— Perth Water Works and Filtering Gallery— Berlin Water 
Works and Filters — Hamburg- Water Works and Reservoirs — Altona Water 
Works and Filters— Tours Water Works and Filtering Canal— Angers Water 
Works and Filtering Galleries — Nantea Water Works and Filters — -Lyons 
Water Works and Filtering Galleries— Toulouse Water Works and Filtering 
Galleries^Marseillea Water Works and Filters — Genoa Water Works and 
Filtering GallerieB— Leghorn Water Works and Cisterns— Wakefield Water 
Works and Piltere^ — Appendix, 



Tunner on Roll-Tnming. 

1 vol. 8vo, and I vol. plates. #10.00. 

A TREATISE ON EOLL-TUENING FOE THE MANUFAO- 
TUEE OF lEON. By Peter TitB.VEn. Translated and adapted. 
By Joss B. Peaesb, of the Penn sylvan ia Steel Works. With 
numerous Tvood-o«ts, 8vo., together with a folio atlas of 10 litho- 
graphed plates of Eolls, Measurements, &c. 

" Wo oommend this book as a clear, elaborate, and practical treatise upon 
the department of iron manufacturing operations tn which it is devoted. 
Tho -writer states in his preface, tiiat for twenty-five years he lias felt the 
necessity of such a work, and has evidently brought to its preparation the 
fniita of experience, a painstaking regard for accuracy of statement, and a 
desire to furnish information in a style readily understood. The book should 
be in the hands of every one interested, either in the general practiiio of 
mechanical engineering, or the special branch of manufacturing operations to 
which the work relates.' — Americim Artisan. 
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Jacob on Storage Reservoirs. 

18mo. Boards. 50 els. 

THE DESIGNING AND CONSTRUCTION OF STORAGE 
EESERVOIBS. By Abthur Jacob, B. A. AVith tables and 
wood-cuts representing sections, etc. 

He^wson on Embankments. 

3™. Cloth, $3.00. 
PEINCIPT^S AND PRACTICE OF EMBANKING LANDS 
from Eiver Floods, as applied to tlio Levees of the Mississippi. 
By WiL[,i*.Ji: Hewso-v, Civil Engineer. 

" This is a, valuable treatise oa tho prinoiplos and practice of embanking 
lands from river floods^ as applied to tho Loveea of the MisaiaHippi, Ly a highly 
intelligent and experienced engineer. The author says it is a firai attempt 
to reduce to order and to rule the design, oieeution, and measurement of the 
Levees of the Mississippi It is a moat useful aud needed contribution to 
scientific literature. — Philade!phia Evening Journal. 

Oriiner on Steel. 

8vo. Cloth. $;i.5n. 

THE MANUFACTUEE OF STEEL. By M. L. Geuseh, trana^ 

lated from the French. By Lenox Smith, A. M., E. M., mth an 

appendix on the Bessemer Process in the United States, by the 

translator. Illustrated by lithographed drawings and wood-cufs. 

" The purpose of the work is to present a careful, elaborate, and at the 
ssme time practical eiaminatUm. into tho phyaiual proportina of atecl, as well 
as a description of tho new processes and mechanical appliances for its maaufac- 
tuTB. The information which it contains, gathered from many trustworthy 
sources, will be found of much value to the Amcriean stoel manufacturer, 
who may thus acquaint himself with the results of careful and elaborate es- 
pcrimenta in other countries, and better prepare himself for successful com- 
petition in this important industry with, foreign makers. Tho fact that tliis 
volume is from the pen of one of the ablest mstallurglata of tho present day, 
cannot fail, we think, to secure for it a fovorable consideration.— /ron. Age. 
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Banerman on Iron. 



TEEATI8E ON THE METALLURGY OF IE,ON. Contain- 
ing outlines of the Iliatory of Irozi Manufaoture, methods of 
Assay, and analysis of Iron Ores, processes of manufacture of 
Iron and Steel, etc., etc. By II, Baceem.ik, First American 
edition, lievised. and enlarged, with an appendix on the Martin 
Process for making Steel, from the report of Abram S. Hewitt. 
Illustrated with numerous wood engravings. 

" Thia is am important addition to the stock of technical worlca publiehod in 
this conntry. It embodies the latest facts, disoovories, and ptooesacs con- 
nected with the manufiM^uro of iron and steel, and should bo in the haiida of 
every person interested in tho snbject, as well na in all tei^hnisal and seientififi 
libraries." — Scientijic American. 



Link and Valve Motions, by "W. S. 
Anohincloss. 

Sixtli Edition. Svo. Cloth. |3.00. 
APrLICATION OF THE SLIDE VALVE and Link Motion to 
Stationary, Portable, Locomotive and Marine Eagiaes, with new 
and simple methods for proportioning the parts. By WiI.tlAM 
S. AucmscLoss, Civil and Mechanical Engineer. Designed as 
a hand-book for Mechanical Engineers, Master Mechanics, 
Draughtsmen and Students of Steam Engineering. All dimen- 
sions of the valvo are found with the greatest ease by means of 
a Printed Scale, and proportions of tho link detormiasd without 
the assistance of a model. Illustrated by 37 wood-cuts and 21 
lithographic plates, together with a copperplate cBgraving of tho 
Travel Scale. 

All the matters wo have mentioned aro treated with a clearness and abasnce 
of TmnecCBsajy verbiage wbicb renders tho work a peculiarly valuable one. 
The Travel Scale only requires to be known to bo appreciated. Mr. A. writea 
BO ably on his subject, we wish bo liad written more. Xcm&Wl Mfir 
gmeering. 

We have never opened a work relating to steam which seemed to us better 
calculated to give an iutelKgent mind a clear understanding of the depart- 
ment it discusses. — Seientijic American. 
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Slide Talve by Eccentrics, by Prof. 
C. "W. MacCord. 

4to, Illustrated. Cloth, $3.00. 
A PEACTICAL TREATISE ON THE SLIDE VALVE BT 
ECCENTEICS, examining by methods, the action of the Eccen- 
tiic upon tlie Slide Valve, and esplainiiig the practical proces- 
ses of laying ont the movements, adapting the valve for its 
various duties in the steani-engine. For the use of Engineers, 
Draughtsmen, Machinists, and Students o£ valve motions in 
general. By C. "W. MacOokb, A. M., Professor of Mechanical 
Drawing, Stevens' Institute of Technology, Hobokon, N J. 



Stillman's Steam-Engine Indicator. 

lamo. Cloth. #1,00. 

THE STEAM-ENGINE INDICATOR, and the Improved Mano- 
meter Steam, and Vacuum Gauges ; their utility and application 
By Pacl S11LL.11AN, New edition. 



Bacon's Steam-Engine Indicator. 

I2ino. Cloth. It.OO. Mor. $1.50. 

A TEEATISE ON THE EICHAEDS STEAM-ENGINE IN- 
DICATOR, with directions for its use. By Chaeles T. Pobiek. 
Eevised, with notes and largo additions as developed by Amer- 
ican Practice, with an Appendix containing useful formulae and 
rules for Engineers. By F. W. Bacon, M. E., Member of the 
American Society of Civil Engineers. Illustrated, Second Edition 
In tTii" work, Mr. Porter's book has beea taken as the hasis, but Mr. Bacon 

has adapted it to American PraclJCG, and has conferred a great hoon on 

American Engineers. — Artinan. 



Gillmore's Building Stones. 

8vo. Cloth. $1 50. 
HEPORT ON STRENGTH OP THE BtTILDING STONES 
IN THE UNITED STATES, Etc. 
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Gillmore's Limes and Cements. 

Fifth Edition. Jtevlaed find Enlarged. 

Svo. Cloth. $4.00. 

PRACTICAL TEEATISE 0^* LIMES, HYDEAL'LIC CE- 
MENTS, AND MOitTAES. I'apers on Practical Engineering, 
"0. S. Engineer iJepartmeiit, No. 9, oontaiQing Reports of 
immeroua experimenta conducted in Neir York Citj', during the 
years 1858 to 1861, incluaive. By Q. A. Gillmork, Lt.-Co!. 
U. S. Corps of Engineers, Brevet Major-Oeneral U. S. Army. 
AVJth numerous illuBtrations. 

" This work containa a record of certain, eipcrimenta and rcacarchoa raailo 
under tha authority of the Engineer Bureau of the WaC l)epattlneiit from 
1858 to 1861, upon the various hydiaulio cementa of the United States, and 
the materials for their maniltactilre. ^The elperimeiita ■weto carefully made, 
and are Well reported and compiled, '^^owrnal B'rarMin Inalitute. 



Gillmore's Coignet Beton. 

8to. Cloth. $3.S0. 

COIUNET BETON AND OTHEE AETIFICIAL STONE. By 

Q. A. GiLLMOEE, Lt.-Col. TJ. S Corps of Engineers, Brevet 

Major-General U. S, Army, 9 Plates, Views, etc. 

This work deBOribes with oonaiderable miniiteneas of detail the several kinds 

of artificial stone in most gcaoral use in Europe and now beg^inning to be 

introdaoed in the United States, discusses their properties, relative isierits, 

and coat, and describes the materiala of which they are com]x>aed 

The subject is one of special and growii^ interest, and we commecd the work, 
embodying as it does the matured opinions of an experienced engineer and 



Gillmore on Roads. 



A VKAOTIOAL TBEATISE ON THE COSSTIinCTJON 
OF ROADS, STREETS, AND PAVEMENTS. Bj Q. A. 
GiLLMOKE, Lt.-Ool. XT. S. Oorpa of Engineers, Brevet Major- 
General 17. S. Army. 
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"Williamsou on the Barometer. 

4to. Clott. $15.00. 
ON THE USE OF THE EAEOMETEB ON SUR^'ETS AXl) 
RECONNAISSANCES. Part I. Meteorology ia ite Connec- 
tion with Hypsomctry. Part II. Barometric Hypsometry. By 
R. S. WiLLiAitsoi-, Evt. Lieut..CoI. TJ. S. A., Mojor Coriia of 
Engineers, With. Itlustrat'ive Tables and Engravings. Paper 
Ng. 15, Professional Papers, Ooips of Engineers. 

" S.VN Fr.«scisco, Oau. im. 37, 18(57, 
" Gail. A. A. HoM PHKEYS, Chief of Ensiaocrs, U. 8. Army : 

"OENElLilj, — IhaTO the hoaor tosubiajt to you, in the following pages, the 
reaaits of my investigatioaa ia meteorology sail hj-pBOmetcy, made wiHi the 
vlciv of ascertaining how far tbo barometer can be used as a reliable instru- 
ment for determining ultitndes oa extended lines of survey and roconnais- 
saacos. These investigations have ocoupied the leisnro permitted mo from my 
professional duties daring tho last ten years, and I hope the resTiIts will be 
deernod of snfScient raluo ta liave a place assigned them among the printed 
professional papers of tho United States Corps of Engineers. 
" Very respectfully, your obedient servant., 

"E. S. WILLIAMSON, 
" Bvt. Lt.-C()I. U. S. A., Major Corps of TJ, S. Engineers," 

Von Cotta's Ore Deposits. 

8vo. Cloth. $4.00. 
TREATISE ON ORE DEPOSITS. By Beeshaed Vos Cott.i, 
Professor of Geology in the Royal School of Minos, Preidherg, 
Sasony. Translated from tho second German edition, Viy 
Feebeeick Pkihb, Jr., Mining Engineer, and revised by tho 
author, witli numeroiis illustrations. 
" Prof. Von Cotta of tho Freiberg School of Mines, is tbo author of tho 
best modem treatise on ore deposits, and we are heartily glad that this ad- 
mirablo work has been translated and published in this country. The trans- 
lator, Mr. Trederick Prime, Jr., a graduate of Freiberg, has had in his work 
tho ^^at advantago of a revision by the author himself, who declares in a 
prefatory note that this may be considered as a new edition (tho third) of his 

" It is a timely and welcome contribution to tho literature of mining in 
this country, and we are grateful to tho translator for his enterprise and good 
judgment in undertaking its preparation ; while we recognize with equal cor- 
diality tlio liberality of the author in granting both permission and assist- 
ance.'' — ExirnHfrom Seview in Engineering and Mining JowmoL 
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Plattner's Blow-Pipe Analysis. 

Second Bdition. ReviBed. 8"vo. Cloth. $7,!>0. 

PLATTNER'S MANUAL OF UtJALlTATITE AND aUAK- 
TITATIVE ANALYSIS WITH THE BLOW-PIPE, From 
tho last Geriuaii editioa Eevised and enlarged. By Prof. Tn. 
EicHTETi, of the Eoyal Saxon Mining Academy. Translated by 
Prof. n. B. CoENWALL, Assistant in the Columbia, Seliool of 
Mines, New York ; assisted by John H. C.isv.-ELi,. Illustrated 
with eighty-seven wood-cuts and one Lithographic Plate. 5C0 
pages. 
" Plattner's celebrated work lias Ions' t^eu recognized as the only complete 

book on Blow-Pipe Analysis. The fourth German edition, edited by Prof. 

liichter, fnlly austaius tho repatatiou which the earlier editions aeruircd dur. 

ing tho lifetime of the author, and it is a source of great sitisfactioa to u! to 

know that Prof. Eichtar has co-oporatod with the traiialaSor in issuing tho 

American editioa of tlie wort, whiah ii ia fact a fifth edition of the original 

worli, being far more complete than tho last German oditioc." — SiUiman's 

Journal. 

There is notiiag so complete to be fotmd in the English language. Katt- 

ncr's book is not a laero poskct edition ; it ii iatended aa a. coimprehonaive guide 

to ail that is at present known on tho blow-pipe, and as such is really indis- 

Iiensablo to toaohora and adraaoed pupils. 

" Mr. Coruwall's edition is somethiaj more than c. translation, na it contains 

many corrections, emendations ajid additions not to he fouad in tho origiaal. 

It is a decided improvement en tho work in its Oerm;!n drOBB."--T7b!()'»af of 

Apjplkd Cliemktry, 

Egleston's Mineralogy, 

8to. Illustrated with U Lithographic Platrs. Cloth. ^4.50. 

LECTUEES ON UESClilPTIVE MINERALOGY, Delivered 
at the School of Mines, Columbia College. By Professou T, 

EOLESTOS. 

These lectures are what their title indicates, the lectures on Minerali^y 
delivered at tho School of Minos of Columbia College. They have been 
printed for tho students, ia order that more time might be given to tho vari- 
ous methods of esamiaing and dc^rmining minerals. The second part has 
only been printed. The firs'' part, comprising crystallography and physicil 
mineral(^y, will be printed at some future time. 
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Pynchon's Chemical Physics. 

7-fe,w Edition. JRevised and Enlarged, 

Crown 8to, Cloth. $3.00. 

INTEODUCTION TO CHEMICAL PHYSICS, Designed for the 
Use of Academies, Colleges, and High Schools. Illustrated with 
numerous engravings, and containing copious esperiments ivith 
directions for preparing them. By Tnoj[A.s EtrcGLEs Pyschos, 
M.A., Professor of Chemistry and the Natural Sciences, Trinity 
College, Hai-tford. 

Hitherto, no work snitablo for general use, treating of all theae subjects 
within the limits of a single volume, could bo found ; conaequBntly the atten- 
tion, they have rcceiced haa not been at all pvoportjonato to their importance. 
It is telieved that a book containino; so much valuable information within bo 
small a compasa, cannot fail to meet -with a ready sale among all intelligent 
persons, while T^ofessional men. Physicians, Medical Students, Photograph- 
era, Telegraphera, Engineera, and Artisans generally, will find it ejjeoiBlly 
valuable, if not nearly indispensable, as a book of reference. 

" We strongly recommend this able treatiso to onr readers as the first 
work ever published on the subject free from perplexing technicalities. In 
style it is pure, in description graphic, and its typographical appearance is 
artistic. It is altogether a most excellent work." — Eclectic 3Iedical Joumn!. 

" It treats fully of Photography, Telegraphy, Steam Engines, and the 
various applications of Electricity. In short, it is a carefully prepared 
volume, abreast with the latest scientific diacovei-ies and inventions.'' — Mart- 
ford CoiiranL 

Plympton's Blow-Pipe Analysis. 

larao. Cloth. $1 50. 

THE BLOW-PIPE : A Guide to Its Use in tlie Determination 

of Salts and Minerals. Compiled from Yarious sources, by 

George W. Plympton, C.E,, A.M., Professor of Physical 

e ill the Polytechnic Institute, Brooklyn, N. Y. 



" This manual probably has no superior in the English language as a text- 
book for beginners, or as a guide to the student working without a leacher. 
To the latter many jllustratious of the utensils and apparatus required in 
using the blow-pipe, as well as the fully illustrated description of the blow- 
pipe flame, will be especially serviceable." — JVew York Teadier. 
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Dubois' Graphical Statics. 

8vo. 60 Illustrations. Cloth. $3.00. 

THE NEW METHOD OP GEAPHICAL STATICS. Bj 
A. J. Dubois, OJ:, Ph.D. 



Gases iu Coal Mines 



18mo. Boards. 



A PRACTICAL TREATISE ON THE GASES MET WITH 
IN COAL MINES. By the lafco J. J. Atkinson, Goveru- 
ment Insi>ector of Mines for tlio County of Durham, England. 



"Watt's Dictionary of Chemistry. 

SuppletnetUury Volume. 



8vo, Cloth. 



9.00. 



This Toluma bringa the Kecord of Chemical Discovery dowi 
the year 1869, including also aayaril additions to, ! 
reaults which have appeared in 1870 and 18T1, 

*j* Complete Seta of tho "Work, New and Eeviiod editioi 
supplement. vols. Svo, Cloth. $G3.00. 



Rammelsberg's Chemical Analysis. 

8vo, Ch»th. $3.25. 

GUIDE TO A COITESE OF QUANTITATIVE CHEMICAL 

ANALYSIS, ESPECIALLY OP MINERALS AND EUR- 

NACE PEODUCTS. Illustrated Ly Examples. By (,'. F. 

Eammeisbbkg- Translated by J. Towieh, M.D. 

This wort haa been translated, and ia now puhlished eipresaly fur those 
students in ehemietry whose time and other stadies in eolleges du not permit 
them to enter upon the more elaborate and expensive treatises of Freseniaa 
and others. Ifc is the condensed labor of a master in obemiatry and of a prac- 
tical analyst. 
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Eliot and Storer's Qualitative 
Chemical Analysis. 

liew Edltiotif Mevised. 

13ma. lUuatnted. Cloth. 81,50, 

A COMPENDIOUS MANUAL OF aUALITATIVE CHEMI- 
CAL ANALYSIS, By Ch.vbles W. Eliot and Feank H. Stojiek. 
Itevised with tho Cooperation of the Authors, by WitLiAJi Eip- 
LEY Nichols, Professor of Chemistry in tho Massachusetts Insti- 
tute of Technology. 

" This Manual has great merits as a practical introduction to the science 
and tke act of which it tieata. It contaiaa enough of tho theory and praotico 
of qualitative analysia, " in the wet way,' to bring out all the reasoning in- 
volved in the science, and to present clearly t« tho etudcnt the most approved 
methoda of the art. It 19 specially adapted for exercises and experiments in 
the laboratoiy ; and yet ita classifications and manner of treatment are bo 
systematic and logical throughout, as to adapt it in a high degree to that 
higher class of students g«neral3y who desire an accurate knotrledge of the 
practical methods of arriving at aoientifio facts." — LTitheran Obserner. 

" Wo wish every academical class in tho land could have tho benefit of the 
fifty exercises of two hours each necessary to master this hook. Chemistry 
would cease to ho a mere matter of memory, and become a pleasant experi- 
mental and intellectuai recreation. "We heartily commend thia little volume 
to the notice of those teachers who believe in using the sciences as means of 
mental discipline. "—ftiifepe Courani. 



Craig's Decimal System. 

Square 32mo. Jjmp. 50c. 

WEIGHTS AND MEASURES. An Account of tho Decimal 
System, with Tables of Conversion for Commercial and Scientific 
Uses. By B. P. Cbaio, M. D. 



" The most lucid, accurate, and useful of all the hand-boots on this subject 
that we havB yet seen. It gives forty-seven tables of comparison between the 
English and French denominations of length, area, capacity, weight, and the 
Centigrade and Fahrenheit thermometers, with clear instructions how to use 
them ', and to this practical portion, which helps to make the transition as 
easy &s possible, is prefixed a scientific explanation of the errors in the metric 
system, and how they may be corrected in tho laboratory." — Nation. 
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Nugent on Optics. 

12mo. Caoth. $2.00 



TBEATI8E ON OPTICS ; or, Light and Sight, theoretically and 
practioaliy treated ; with the application to Fine Art and Indus- 
trial Purauits. By E, Ntjoeni. "With one hundred and three 
illustrationa. 

" This book ia of a practical rather thaa a tlieoretical kind, and ia du- 
si^ed to afFord acouiate and complete inflammation to all interested in appli- 
cations of the science." — Sound Table. 



Barnard's Metric System. 

Si'o, Brawn cloth. |3.00. 

THE METRIC SYSTEM OP WEIGHTS AND MEASUEES. 
An Address delivered before the Convocation of the University of 
the State of New York, at Albany, August, 1871. By Eeedbkick 
A. P. Earnabd, President of Columbia College, New York City. 
Second edition from the Eevised edition printed for the Trustees 
of Goltuabia College. Tinted papet. 

" It is the best summary of tho arguments in favor of the raetrio weig'hts 
and measures with which we are aoijuainted, not only beeanae it oontains in 
small space tha leading &cts of the case, but heoause it puts tho advocacy of 
that system on the only tenable grounds, namely, the great convenience of a 
decimal Dotation of weight and measure as well is money, the value of inter- 
national uniformity in the matter, and the fact that this metric system is 
adopted and iu general use by the majority of civilized niations." — TM Salion. 



Butler on Yentilatiou. 



VENTILATION OP BUILDINGS. By W. P. Butler. 
Illustrated. 



" As death by insensible euflocation is one of the prominent causes which 
swell our bills of mortality, we commend this book to the attention of philan- 
thropists as well as to architects."— Bosfoii Globe. 
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Harrison's Mechanic's Tool-Book. 

lamo. Cloth, ti.no. 

MECHANIC'S TOOL BOOK, with practical rules and suggestiuns, 
for the use of Machinists, Iron Workers, aud others. By "W. B. 
H.vEHrsoK, Associate Editor of the ' ' Amoriciin Artisan." Illustra- 
ted with 44 engravings. 

" TMs work ia specially adapted to meet the wonts of SlaohinktB and work- 
era in iron geiierai)j'. It is made up of the work-day experience of an intelli- 
gent and iagenioua mechanic, who had the faculty of adapting tools to various 
purposes. The practicability of his plans and so^estions are made apparent 
even io the unpractised eye hy a series of ■well-executed wwjd engravings." — 
PMladelphm Inquirer. 

Pope's Modern Practice of the Elec- 
tric Telegraph. 

Ninlb Edition. 8vo. Cloth $3.00. 

A Hand-book for Electricians and Operators. By Fu.^kk L. Pope. 

Seventh edition. Eevised and ealarged, and fully illustrated. 

Extract from- Letter of Prof. Morse. 
" I have had time only cursorily to examine its contents, hut thia examina- 
tion has resulted in great gratifioatiou, eapecially at the faimesB and unpre- 
judiced t'jne of your whole work. 

" Tour ill«strated diagrams are admirable aud beautifully executed. 
" I think all your inatcuotionB in the use of the telegraph apparatus judi- 
oioos and correct, and I moat cordially wiah you success." 
Mutracl from LeOer of F-rof. G. W. Hough, of ihs Dudhg Obaeri-it«rp. 
" "niere is no other work of this kind in the English language that con- 
tains in so small a compoas so much practical inforraatiou in the application 
of galvanic electricity to telegraphy. It should be iu the hands of every one 
interested in telegraphy, or the use of Batteries for other purposes. ' 



Morse's Telegraphic Apparatus. 

Illustrated. 8vu. Cloth. $3.00. 

EXAMINATION OF THE TEIjEGEAPHIC AFPABATUS 

AND THE PfiOCESSES IN TELEGAPHY. By S.vmitel P. 

B. MoESB, LL.D., United States Comniissioner Faria Universal 

EipoHiUon, 1867. 
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Sabine's History of the Telegraph. 

13nn). Cloth. $1.25. 
HISTORY AXD TROGRESS OF THE ELECTRIC TELE- 
GRAPH, with Descriptions of some of the Apparatus. By 
EoDEET SiBiNE, C. E. Second edition, with additions. 

OosTENTS. — I. Early Observationa of Electrical Phenonxena. n. Tele- 
graphs by Friotional Eleotcicity. III. Telegraphs by Voltaic Bleetrioily. 
IV. Telegraphs by Eieetto-Magnetisin anil jHagneto-Eleotricity, T. Tele- 
graplia now ia use. VT. Overheal Line*. Vll. Submarine Telegraph Lines. 
VIII. Underground Tulp^riplu. IX. Atmospheric Electricity. 

Haskins* Galvanometer. 

Pocket form. lilusiraied. Morocco tucks. $2.00. 

THE GALVANOMETER, AND ITS USES; a Mftimal foi- 

ElL'ctrici:iti8 and Students. By C. II. IIaskiks. 

" We Lope this escelleiit little work will meet with the Bale its nierlls 

entitle it to. To every telegrapher who owns, or uses a, Oalvanometcr, or 

ever eipecta to, it will be qaite indiapenaaijle." — The J'elegrapJi^r. 



Culley's Hand-Book of Telegraphy. 

SVo. Cloth. »5.00. 

A HAND-BOOE; of practical telegraphy. By 

R. S. Cl'LLET, Engineer to the Electnc and International 

Telegraph Company. FiTtb edition, rerised and enlarged. 



Foster's Submarine Blasting. 

4to. Cloth. $3.50. 

SUBMARINE BLASTING in Boston Harbor, Massachusetts- 
Removal of Tower and Corwin Rocks. By Sous G. Foster, 
lieutenant-Colonel of Engineers, and Brevet Major- General, U. 
S. Army. Illustrated with seven plates. 
List of Plates. — I. Sketch of the Narrowa, Boston Harbor. 2. 

Townsend's Submarine Drilling Machine, and Working Vessel attending. 

3. Submarine IJrilling Machine employed. 4. Details of Drilling Machine 

employed. 5. Cartridges and Tamping used. 6. Tusea and Insulated Wires 

used. 7. Portable Friction Battery used. 
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Barnes' Submarine "Warfare. 



SUBMARINE WARFARE, liEFENSIVE AND OFFENSIVE. 
Comprismg a full aad complete History of the Invention of the 
Torpedo, its employment in War and results of its use. De- 
scriptions of the Tarious forma of Torpedoes, Submarine Batteries 
aaid Torpedo Boats actually used in War. Methods of Ignitioa 
by Machinery, Contact Fuzes, and Electricity, and a full account 
of esperinienfcs made to determine the Explosive Eorco of Gun- 
powder under Water. Also a discussion of the Offensive Torpedo 
system, its effect upon Iron-Clad Ship systems, and influence upon 
Future Naval Wars. By Lieut. -Commander Johm 8. Baeses, 
XJ. S. N. With twenty lithographic plates and many wood-cuts. 

"A book important to military men, and especially so to engineers and ar- 
tillerists. It consists o£ an eiaminatiou of tlio various offensive and dcfonaive 
engines that have beon contrived for submarine toatilities, including a discus- 
sion oi the torpedo system, its effects upon iron-clad ship-systems, and its 
probable influence upon future naval wars. Plates of o valuable character 
accompany the treatise, which affords a useful history of the momentous sub- 
ject it discusses. A great deal of useful information ia collected in its pages, 
aspeoially concerning the inventions of Scholl and Verdu, and of Jotieb' 
and Hunt's latteries, as well as of other similar machines, and the use in 
submarine operatioBs of gun-cotton and nitro-glycerine." — N. Y. Times. 



Randall's Quartz Operator's Hand- 
Book. 



QUARTZ OPERATOR'S HAND-BOOK. By P. M. Rasd.ill, 
New edition, revised and enlarged. Fully illustrated. 

The object of this work has been to present a dear and comprehensive ex- 
position of mineral veins, aad the means and modes chiefly omployed for the 
mining and working of thsir ores — more especially those containing gold and 
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McOuUocli's Theory of Heat. 

8vo. Cloth. In Press. 
AN ELEMENTAKY TKEATISB ON THE MECHANI- 
CAL THEORY OF HEAT, AKD ITS APPLICATION 
TO AIR AND STEAM ENGINES. By Prof. E. S. Mc- 

CULLOCH. 



Benet's Chronosoope. 

Secoiul Editloit. 

muatratcd. 4to. Cloth. $3.00. 

ELECTEO-BALLISTIO MACHINES, and tlie Sclmltz Chrono- 
scope. By Lieutenant-Colonel S. V. Ben-et, Captain o£ Ordnance, 
U. S. Army. 

CONTEKTS.— 1. BalliBtio Peudnlnm. 3. Gun Pendulum. 3. Use of Elec- 
tricity. 4. Navea' Machine. 5. Vignotti'sMachine, with Plates. 0. Benton's 
Electro-Balliatio Pendulum, with Platea. 7. Leut's Tro-Pendulum llnohinc 
8. Selmltz's Ohrcnoacope, with tiro Plates. 



Michaelis' Chronograph. 

4kj. niustcated. Cloth. $3.00. 

THE LE BOIILENG^ CHEONOGRArH. With three Htbo- 
graphed folding plates of illustrations. By Brevet Captain O E. 
MicHiELis, First Lieutenant Oninaace Corps, U. S. Army. 

" The eicellent monograph of Captain Michaelis enters minutely into tho 
details of construction and management, and gives tables of the times of flight 
calculated upon a given fall of the chronometer for all distaaces. Captain 
Michaelis has done good service in presenting this work to his brother offieera, 
describing, as it does, an instrument which bids fair to b 
our future ballijtio exx>erimenta.''— jlrmy and Navy JouTWd. 
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Silversmith's Hand-Book. 

Fottrth Edition. 

IllustTiLted. 13mo. Clotli. $3.00. 
A PRACTICAL HAND-BOOK FOE MINERS, Metallurgists, 
and Assayera, comprising the most recent improvements in. the 
ilisintegrafion, amalgamation, 8m.eltiiig, and parting of the 
Precious Ores, with a Comprehensive Digest of the Mining 
Laws. Greatly augmented, revised, and corrected. By Julius 
SiLVEESMiTK. Fourth edition. Profusely illustrated. 1 vol. 
12mo. Cbth. $3.00. 

One of the most important features of this work U that in. which tho 
metallui^y of the precioua roetak ia treated of. In it the author has endeav- 
ored to emhody all the processea for the reduction and manipulation of the 
precious ores heretofore auooessfully employed in Germany, England, Mesico, 
and the United States, together with such as have lieen more recently invented, 
and not yet fully tested — all of which are profuaelj- illustrated and easy of 



Simms' Levelling. 



A TREATISE ON THE PRINCIPLES AND PRACTICE OF 
LEVELLING, showing its application to purposes of Railway 
Engineering and the Construction of Roads, &c. By Fredeeice 
W. Simms, C, E. From the fifth London edition, i-evised and 
corrected, with the addition of Mr. Law's Practical Examples for 
Setting Out Railway Curves. Illustrated with three lithographic 
plates and numerous wood-cuts. 
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Stuart's Successful Engineer. 

ISmo. Boarila. 50 C4>ntg, 

HOW TO BECOME A SUCCESSFUL ENGINEER: Being 

Hints to Youths intending to adopt tlie Profession. By 

Bernard Stuart, Engineer. Sixth Edition. 

" A vulaable little book of sound, sensiblB adyice to younff men ivlio 

wisli totigeintke moat important of the profeBaione," — Scienlijic Amei-ican. 



Stuart's Naval Dry Docks. 

Twenty-four engravings on steel. 
fourth Edition. 



THE NAVAL DRY DOCKS OF THE UNITED STATES. 
By Chabi.es B. STTTiHT. Engineer in Chief of the United States 

Z.iiit of Illustrations. 

Pumping lin^ne and Pumps— Plan of D17 Dock and Pamp-Well-8ec- 
tions of Dry Dock— Engine House— Iron Floating Gate— Details of Floating 
Qata— Iron Turning Gate— Plan of Turning Gate— Culvert Gate— Filling 
Culvert Gaies^Engino Bed — Plate, Punipa, and Culvert — Engine House 
Rool— Floating Sociional Dock— Details of Section, and Plan of Turu-Tablea 
— Plan of Basin and Marino Eailways — Plan of Sliding Frame, and Elevation 
of Pnmps — Hydraulic Cyiindei^Plan of Gearing for Pomps and End Floats 
— Perspective View of Dock, Basin, and Railway — Plan of Basin of Porte- 
mouth Dry Dock — Floating Balance Dock — Elevation of Trusses and the Ma- 
okinery— Perspective View of Balance Dry Dock 



Free Hand Drawing. 

Profusely Illustrated. 18mo. Boards. CO cents. 

A GUIDE TO OltNAMENTAL, Figure, and Landscai)e Draw- 
ing. By an Art Student. 

CoNTE.VTs.- Materials employed in Drawing, and how to use tliein— On 
Lines and how to Draw them — On Shading — Concerning lines and shading, 
with applications of them to simple elementary subjects — Sketches from Ka- 
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Minifie's Mechanical Drawing. 

Xinth Edition. 

Eoyal 8vo. Cloth. $4.00. 
A TEXT-BOOK OF GEOMETETGAL DRAWING for the use 
of Mechanics and Schools, in which the Definitions and Eulos of 
Geometry are familiarly explained ; the Practical Problems are 
arranged, from the taost simple to the more complex, and in their 
description technicalities are avoided as much as possible. "With 
illustrations for Drawing Plans, Sections, and Elevations of 
BuildiDga and Machinery; an Introduction to Isometrica! Draw- 
ing, and an Essay on Linear Perspective and Shadows. Illus- 
trated with over 200 diagrams engraved on steel. By Wm, 
MiNiPiE, Architect. Eighth Edition. With an Appendix on the 
Theory and Application of Colors. 

"It is the best work on Drawing that wo have over seen, (uid iseepeciaJly a 
text-book of GJeoroetrieal Drawing for the aae of Mechanios and Schools. No 
young Mechanic, such aa a Machinist, Engineer, Cabiaet-Maker, Millwright, 
or Carpenter, should be without it."^Scientifie Ameriean. 

" One of the most comprehensive works of the kind over publiahed, aiidoan- 
Bot but possess great value to builders. The style is iit once elegant and sub- 
atantial." — PemiiyUama Inquirer. 

"Whatever is said is rendered perfectly intelligible by remarkably well- 
executed diagrams on steel, leaving nothing for mere vague supposition ; and 
the addition of an introduction to isometrical drawing, linear perspective, and 
the projeution of shadows, winding ap with a usefulindei to technical terms." 
— Qlasgom Meekatiiica' Journal. 

1^" The British Government has anthorized the use of this book in their 
schools of art at Somerset House, London, and throughout the kingdom. 



Minifie's Geometrical Drawing. 

yew Edition. Enlarged. 

19mo. Cloth. $2.00. 

GEOMETRICAL DRAWING. Abridged from the ootaTo edition, 
for the use of Schools. lUnstrated with 48 steel plates. New 
edition, enlarged. 
'■ It is well adapted as a text-book of drawing to be used in our High Schools 

and Academies where this useful branch of the fine arts haa been hitherto too 

much neglected." — Boston Journal. 
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Bell on Iron Smelting. 

8vo. Cloth. 16.00. 
CHEMICAL PHENOMENA OF IRON SMELTING. An ex- 
perimental and practical esaiaination of the eircumstancea which 
determine the capacity of the Blast Pumace, the Temperature 
of the Air, and the Proper Condition of the Materials to be 
operated upon. By I. Lowmi.vN Bell. 

Battershall's Legal Chemistry. 

Illustrated. 13mo. Cloth. In press. 
LEGAL CHEMISTRY. A Guide to the detection of Poisons, 
Falsification of Writiogs, Adulteration of Alimentary and 
Pharmaceutical Substances ; Analysis of Ashes, and Examina- 
tion of Hair, Coins, Fire-Arms, and Stains, as applied to 
Chemical Jurisprudence. For the use of Chemists, Physi- 
cians, Lawyers, Pharmacists, and Experts. Ti-anslated with 
additions, including a list of books and memoirs on Toxi- 
cology, etc., from the French of A. Naquet, By J. P. Bat- 
TEESHALL, Ph.D., with a Preface by C. F. Chandler, Ph.D., 
M.D., LL.D. 

King's Notes on Steam. 

nineteenth Edition. 

8vo. Cloth. S2.00. 
LESSONS AND PEACTICAL NOTES ON STEAM, the Steam- 
Engine, Propellers, &c., &c., for Young Engineers, Students, and 
others. By the late W. E. Kinq, IT. S. N. Revised by Chief- 
Engineer J. W. KiNtf, U. 8. Navy, 

" This is one of tho beet, because eminently plain, and practical treatises on 
the Steam Engine ever published. ' — PhUadelphui Pr^ss. 

This 13 the thirteenth edition of a valuable work of the late W. H. King, 
U. S. N. It contains lesBons and practical notes on Steam and the Steam En- 
gine, Propellers, etc. It ia calculated to be of great use to young marine en- 
gineers, students, and others. The teit is illustrated and explained by nu- 
merous diagrama and representations of machinery.— BiWtoi Baitj/ Adser- 

Texl>-book at the U. S. Naval Academy, Annapolis. 
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Burgh's Modem Marine Engineering. 

One thiok 4to vol. Clotli. $35.00. Half morocco. $30.00. 

MODERN MARINE ENGINEEEING, appHed to Paddle and 
Screw Propulsion. Consisting of 36 Colored Plates, 259 Practical 
Wood-cut Illustrations, and 403 pagoa of Descriptive Matter, tlie 
whole being an expositioa of tho present practice of the follow-- 
ing firms ; Messrs. J. Penn & Sons ; Messrs. Maudslay, Sons & 
Field; Messrs. James Watt & Co,; Messrs. J. & G. liennie ; 
Messrs. It. Napier & Sons ; Messrs. J. & W. Dudgeon ; Messrs. 
Itaveahill & Hodgson ; Messrs. Humphreys & Tenant ; Mr. 
J, T. Spencer, and Messrs. Forresffir & Co. By N, P. Buegh, 
Engineer. 

Pk f —CI ^mji^eiii t f E U examples 

— Ge ml A t fB I 14 inpl — G 1 Arrangement of 

pc t rs II mpl — D Is f Osc 11a g Paddl Ei iaes, 34 ci- 
mpl— Cd rsfSwEginajlithljt d& faoo, 20 ex- 

mpl — D tail f S w E "n mpl — Ojh I ni Details of 

^ w E m 1 ampl _ 1 d \ I and D tails 7 raples— Slide 
■\alve, Link Motion, 7 examples— Eipanaion Valves and Gear, 10 esam- 
plea— Detaila in General, 30 examples— Screw Propeller and Fittings, 13 ex- 
amples - Engine and Boiler Fittings, 28 examples - In relation to the Princi- 
ples of the Marine Engine and Boiler, 33 examples. 

JVolices of the I^ess. 

" Every conteivable detail of the Marine Engine, under all its various 
forms, is profusely, and wo must add, admirably illustrated by a multitude 
of engravings, selected from tho best and most modem practice of tho first 
Marine Engineers of the day. The chapter on Condensers is peculiarly valu- 
able. In one ■word, .there is no other work in eiiatmce which will bear a 
moment's comparison with it as an exponent of the skill, talent and practical 
experience to which is due tho splendid reputation enjoyed by many British 
Marine Engineers."— .En ji'meCT". 

'■ This very comprehensive work, which was issued in Monthly parts, has 
just been completed. It contains large and full drawings and copijus de- 
ecriptions of most ot the best examples of Modern Marine Engines, and it is 
a, completo theoretical and practical treatise on the subject of M^nc Engi- 
neering."— J wericaJt Arlisan. 

This is the only edition of thu above work with the beautifully colored 
plates, and it is out of print in England. 
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Bourne's Treatise oa the Steam En- 
gine. 

Ninth Edition. 

niuattated. 4to, Cloth. $15.00. 
TEEATISE ON THE SIEAM ENGINE in its various appKca- 
tJons to Mines, Mills, Steam Navigation, Railways, and Agricul- 
ture, with the theoretical investigations respecting the Motive 
Power of Heat and the proper Proportions of Steam Engines. 
Elaborate Tables of the right dimensions of every part, and 
Practical Instructions for the Manufacture and Management of 
every apeciea of Engine in actual use. By Jons BoObse, being 
the ninth edition of " A Treatise on the Steam Engine," by 
tlie "Artisan Club." Illustrated by thirty-eight plates and five 
hundred and forty-sis wood-cuts. 

As Mr. Bourne's work has tiiB groat merit of avoiding unsound and imma- 
ture views, it may safely ba consulted by all who are really deairoua of ac- 
quiring trustworthy information on tho eubject of which it treats. During 
tho twenty-two years which have elapsed from the issue of the first edition, 
the improvements introduced in tho construction of the steam engine have 
been both numerous and important, and of those Mr, Boumo has token eace 
to point out tho more pcominont, and to furnish the readei; with such infor- 
mation as shall enable him readily to judge of their relative value. This edi- 
tion has been thoroughly modernized, and made to accord with the opinions 
and practice of the mora successful engineers of the present day. All that 
tho book profeasen to give is given with ability and evident care. Tho scien- 
tific principles which are permanent are admirably esplained, and reference 
ii made to many of the more valuable of the recently introduced engines. To 
express an opinion of tho value and utility of such a wark aa The Artisan 
Club's Treatise on, the Steam Engine, which has passed through eight editions 
already, would be superfluous ; but it may bo safely stated Ihat the work is 
worthy the attentive study of all either engaged in the manufacture of steam 
engines or interested in economizing the use of steam. — Miain// Journal. 

Isherwood's Engineering Precedents. 

Two Vols, ill One. 8\-o, Cloth. $3.r)0. 
ENGINEERING PEECEDENT8 FOE. STEAM MACHINEEY. 
Arranged in the most practical and useful manner for Engineers. 
By B. P. IsHEEwooB, Civil Engineer, U. S. Navy. With illus- 
trations. 
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